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Abstract 


The synthesis, reactions and fluxional behaviour of 
a number of cycloheptatrienyl complexes of transition 
metals have been investigated. Monohapto, trihapto and 
pentahapto coordination of the cycloheptatrienyl group to 
transition metals has been explored. Fluxional behaviour 
in these complexes has been studied using variable 
TemperacureceNMReSpeCEroscopy. 

Reaction of NaRe (CO), with ClH-BF, afforded 
(7=n7-C7H4) Re (CO) (5), the first monohaptocyclohepta- 
trienyl derivative of a transition metal. Study of the 
fluxional behaviour of 5 by spin saturation transfer 
techniques demonstrated that the metal migration process 
Meri escOnpOUnNdslcran (i,s.|eSigmatropic migration. A 
concurrent carbonyl scrambling process was also detected. 
These results are interpreted in terms of conservation of 
orbital symmetry. 

Successive decarbonylation of Seatiorded (n°-C5H,) Re (CO) 4, 
(8), (n°=CoH>) Re (CO) 5, (9) and [ (n’-C_{H2) Re (CO) 51.. 
Reaction of 8 and 9 with various phosphine ligands afforded 
monohapto and trihapto derivatives, some of which exhibit 
fluxional behaviour. 

Reaction of NaCpRu (CO) 5 with rere, formed 
CpRu (CO) 4 (7-n'-C5H4), (2a) 7enearly quantitatively. This 


compound exhibits two metal migration pathways. The 


expected [1,5] sigmatropic migration of the metal moiety 
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was observed, as well as a [1,7] metal migration. 
The stereochemistry of the metal migration process 
hasepeenescudaedsusing 4a derivative of 23, 


CpRu (CO) (PMe,Ph) (7-n7-C Ho), having a chiral metal center. 


7. 


The [1,7] metal migration in this compound proceeds with 


retention of configuration at the metal. 
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CHAPTER ONE 


INTRODUCTION 


This thesis is concerned with the synthesis and 
properties of cycloheptatrienyl complexes of the transi- 
tion metals. Cycloheptatriene is a very versatile ligand 
which can bond to transition metals in several different 
ways, employing between one and seven carbon atoms in 
bonding to the metal. It is convenient to have a short- 
hand notation to describe the number of carbon atoms 
attached to the metal. A system of notation suggested 
by Cotton will be employed.+ The number of carbon atoms 
bonded to the metal is specified by a prefix such as 
MOonOmaptlo petilianto,stetrahapto, «etc. Abbreviations, for 
these prefixes are a ah a etc. A standard numbering 


scheme for the ring carbon.atoms is,outlined below. 
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In the monohapto bonding mode, only one metal-carbon 
o bond is formed from the metal to Ci. This general 
type of bonding between a transition metal and an organic 
group has a somewhat confusing history, which will be 
briefly outlined here. 

Historically, the formation of metal-carbon o bonds 
was first investigated in studies of compounds of the 
Main group metals. One of the early discoveries of 
organometallic chemistry was the preparation by Frankland 


5 


Cimaiethy izinc visi 1848. In 1853, Lowig prepared an 


ethyl compound of lead.? By 1859, Buckton had identified 
this material as tetraethyllead,> a material which was 
much later to have considerable industrial importance. 
The study of the alkyl compounds of the main group metals 
was firmly established by 1900, when the discovery of 
Grignard reagents opened up many new areas for study. © 
More conveniently prepared and handled than the alkyls 
of zinc, the Grignard reagent allowed the convenient 
synthesis of many metal alkyls from the corresponding 
metal halides. 

In contrast to the rapid development of main group 
alkyl chemistry, early attempts to apply synthetic methods 
of this type to the preparation of transition metal 


alkyls met with very limited success. For example, the 


reaction of phenylmagnesium bromide with crcl. 
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was reported by Bennett and Turner in 1914,/ 


This 
reaction gave a quantitative yield of biphenyl. (It 
should be noted that F. Hein obtained phenyl complexes 

OL chromiumanrom Simitar reactions in 1919,°® but the true 
nature of these complexes was not understood until much 
later). These and other results led to the impression 
that transition metal alkyls were less stable than those 
of main group metals. In a 1955 review of alkyls and 
aryls ot the transition metals, F.A, Cotton summarized 
the available data with this statement: "It will be 
apparent from this overall picture of alkyls and aryls 

of the transition metals that the often heard generaliza- 
tion that they are much less stable and accessible than 
wo 


those of non-transition elements is quite true. 


Developments of the late 1950's led to some revision 
10 


of these ideas. Compounds such as CH sr 


bak 5 we ile 
CH,-Pt (Cl) (PEt3), and (n ~C,H_)W(CO) 3 CH, were 


prepared, along with many other complexes where in 


37Mn (CO) 


addition to one or more metal carbon o bonds, the complex 

eontained bonding orn 7 saciid vligandsssuch sas) GO.o7 

Rhosphines | This Jled ito the theory «that “stabs Imizings 

ligands were needed in order to increase the strength 

of the metal-carbon boca 
More recent developments have shown that this view 


is not correct. Stable transition metal alkyls without 


any other ligands have been prepared. Kinetic stability 
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is assured by judicious choice of alkyl groups which 
prevent access to low energy decomposition pathways. +4/15,16 
Results in this area have been summarized in two recent 
reviews. 1/118 
A monohaptocycloheptatrienyl alkyl is a special 
case of metal-carbon o bonding. Due to the large resonance 
Stabilization of the tropyl radicals? metal-carbon o 
bonds of this type are expected to be weakened, relative 
to bonds to ordinary alkyl groups such as methyl, ethyl, 
etG.n Atl theloutset tof thiswresearch, the only organo- 
metallic examples of monohapto bonding of cyclohepta- 
triene were found among the main group IV isuaien?* One 
of the objectives of this research was to develop synthetic 
methods which would allow the preparation of monohapto- 
cycloheptatrienyl alkyls of the transition metals, on 
the assumption that some of these compounds would be 
stable enough to isolate. 
In contrast to cyclopentadiene, which is quite 


acidic due to the formation of the stable aromatic C-_H- 


sys) 
anion, cycloheptatriene is a very weak acid. An estimated 
PK, of 36 has been reported by Breslow and Chae There 


1S) limited indirect evidences toretherexistence of the 


anion C>H : Theshalides of cycloheptatzrzene ware 
Tonte dues to the: gGreatestabiwity Of thestropviaum cation, 
Catala which is isoelectronic with benzene. This 


ob 
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cation iS a convenient starting point for synthesis. 

The reaction of the tropylium cation with an 
nucleophilic transition metal center such as a metal 
carbonyl anion would be expected to yield a monohapto- 
cycloheptatrienyl alkyl. An examination of the literature 
reveals that this approach has been a complete failure 
in the past. Every reported reaction of a metal carbonyl 
anion with tropylium has resulted in oxidation of the 
BanwOnesanceLeductr1on Of tne cation: to (CH,). (Aa cropya® 


Some of these reactions are: 


2NaCpCr (CO) 3 oo OME Vel iehe se [MG elere (Celey) ar Yellebaeyeyyal 


qua 3] 


(Puschner and Fritz, Nose 


ZNaAMONCO) = +e2zc-Heor 2 Mire (CO) tad PERODY. 


5 Ta Noon sity 
(Wilkinson et al., 1958).°° 


2[Na(diglyme),]V(CO)_¢ + 2C,HIBF, > 2V(CO)¢ 


(Wernermedy al., NeveaL os 


+P dic Op ya 


PAisks Aelia @oxrep: 


; Mcteios)|er 2Cene 5: jae mavn GD, 


ey te 
+ ditropyl 


4aiphos 


(elie Seeo7 wens 


Tropylium cation has been used extensively by Ellis 
and coworkers as an oxidizing agent for metal carbonyl 
anions. In a recent paper, Ellis states that "tropylium 


ion is often used as a mild and convenient one-electron 
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Oxidizingyagent to convert carbonyl anions to analogous 
neutral pec esate 
The failure of these reactions may be due to the 

occurrence of a one electron transfer from the anion to 
the cation, followed by coupling of the tropyl radicals 
to give ditropyl. An alternative explanation is that 
the metal carbon o bond in the monohapto alkyls is too 
weak to allow isolation of these alkyl compounds, due to 
Phesstability ofethestropyi radical. 
fueCnlcotmeLOmsivestigateet his question, in this thesis 
a variety of indirect synthetic routes have been explored 
in attempts to prepare monohaptocycloheptatrienyl alkyls 
OfevVetiousstransitionemetals.. The direct reaction of 
tropylium with carbonyl anions of the heavier transition 
metals has also been investigated. 

Aside from the chemical interest and synthetic 
challenge of monohaptocycloheptatrienyl compounds, a major 
motive for investigation of these compounds was to study 
their fluxional behaviour. Fluxional molecules are 
definea>? as systems which have more than one thermally 
accessible equivalent structure and. undergo a degenerate 
rearrangement. process which interconverts these. structures. 
Organometallic compounds with cyclopolyenyl groups oa 
bonded to the metal form.one class of fluxional molecules. 


The o-cyclopentadienyl (or n'-CcHe) metal compounds have 
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been studied extensively. 
An iron compound, (n°-CgH,) Fe (CO), (n™-C.H.) , prepared 
by Piper and Wilkinson in 1956, was the first compound 
of this type recognized as a fluxional molecule. Based 
on the observation of a single resonance for the 
(n?-C.He) group in the lig NMR spectrum, these authors 
correctly inferred that the metal moiety was rapidly 
Migrating around the o bonded cyclopentadienyl ring, 
breaking and reforming metal carbon o bonds as it went .1? 
A large number of o-cyclopentadienyl compounds of the 
transition metals and the main group metals are now 
known. Most of them exhibit similar fluxional behaviour. 
Merquestion of Now nese rearrangements Occur has 
been investigated extensively. In every case studied, 
it was found that the migration of the metal group is 
from one carbon atom to the adjacent carbon, a so-called 
(1,2) shift.>+ 
In the 1960's a large amount of experimental data 
had accumulated on these and many other types of molecular 
rearrangements. At the same time, a theoretical basis 
for the mechanism of these reactions became available 
with, advances in molecular orbital. theory. The contribu- 
tions of several workers led to what are now commonly 
referred to as orbital symmetry rules or the Woodward- 
Hoffmann rules - These rules apply the principle of 


conservation of orbital symmetry to predict the path of 
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molecular rearrangements. One type of rearrangement 
governed by these rules is sigmatropic migration, defined 
by Woodward and Hoffmann? as an uncatalyzed, concerted 
intramolecular migration of a o bond to a new position 
within a 7 electron system. 

Application of orbital symmetry considerations to 
migrations in cyclic dienyl systems such as cyclopenta- 
diene and cycloheptatriene is well established in organic 
chemistry and the extension to organometallic chemistry, 
particularly in main group IV derivatives, has generated 
a great deal of interest. In cyclopentadienyl systems, the 
ehservedn (tis, 2 SALEtS are not distinguishable from 
Ghertheoretically predicted *[175] “sigmatropic migration. * 
It is not clear whether orbital Symmetry constaints or 
a preference for minimum motion of the migrating group 
Citerorsotions shrtes)* Ps*the dominant factor. “In 
o-cycloheptatrienyl systems, the least motion (1,2) path 
can be readily distinguished from the theoretically 
allowed [1,5] pathway, in which the Migrating group 


moves to the carbon atom furthest from the original point 


“The convention of designating the pathway of sigma- 
tropic migrations in. square brackets will be 
followed. A complete explanation of this terminology 
and the basis of the theoretical predictions will be 
BOunCe rt Clap Ler av iis 
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of attachment. * 
Inga Study of triphenyl—-7-cycloheptatrienyltin, 
barrabec, found that this molecule. is fluxional via a 


feelemigration of the metal.~° This result is very 


SnPh 


H SnPh, 3 
ae See fg 
H 


SnPh, 


important, Since it establishes that orbital symmetry 
constraints can determine the pathway of a metal migra- 
tion. The theoretical basis for the symmetry rules 
assumes that the migrating group presents an invariant 
orbital of o symmetry as it migrates over the polyenyl 
framework. The results for this tin compound indicate 
that this assumption is probably valid for main group 
metals. 

if the migrating group also has d orbitals which are 
at accessible energy levels and can participate in metal- 
carbon bond formation, the restrictions imposed by 
Orbital symmetry conservation requirements based on s 


and p orbitals may be altered. As mentioned previously, 


“only the [1,5] shift is allowed if the stereochemistry 
of the migrating group remains unchanged. The 
consequences of inversion at the migrating group are 
discussed in Chapter VII. 
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106), 


the intensively studied monohaptocyclopentadienyl 
compounds of the transition metals, which all exhibit 
(i 2jemetalsmigrations, do not allow this question to be 
addressed since the "least motion" and symmetry controlled 
pathways are degenerate. 

The study of the fluxional behaviour of monohapto- 
cycloheptatrienyl compounds of the transition metals will 
allow the role of metal d orbitals in determining the 


pathway of metal migration to be investigated. 
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CHAPTER TWO 
CYCLOHEPTATRIENYL COMPLEXES OF MANGANESE AND RHENIUM 
Section 1.  -lntroduction 


Theareaction of the Mn (CO) .- anion with tropylium 


bromide was first reported in 1958 to yield only ditropyl 


and Mn (CO yea This result was later interpreted by 


King?) as indicating that the manganese-carbon bond in 


the unknown o-cycloheptatrienyl derivative (7-n"-C1H_) Mn (CO), 


apparently is very weak. This reaction was reinvestigated 


51s) 


recently by T.H. Whitesides and R. Budnik. Reaction 


of NaMn (CO). Waser. Siew ner Hata Oo Clgave Only 


pad ened 
Mn5(CO) 44 andeaTeropyl.—sinuradiation of the reaction 
MixtuLrerate—75-Cegave no additional products. It was 


concluded that any o bonded alkyl intermediate was very 
unstable, even at -78°C. 

In contrast to these results, a stable manganese 
acyl compound was isolated by these workers from the 
reaction OL NaMn (CO). with 7-cycloheptatrienylacyl 
chloride. This acyl was photochemically decarbonylated 
at -65°C to give a low yield (11% after chromatography) 
of (n?-C5H4) Mn (CO) 4 (2) along with large amounts of 


ditropyl and Mn (CO) 46 (Qi mals) 
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(CO)s Mn 


Whitesides postulated the chelated acyl intermediate 
Dem omee Lolme Qoesucces>s, Ot thistindirect route. Tf 
PitemtoecOrmectj eit seems unlikely that 2° as the sole 
PLOduct POL iiGinercdecarbonylation of la. We have 
reinvestigated this reaction in the hope of intercepting 
dicermeatareseinythe formation of (2. 

The remainder of this chapter deals with the 
preparation and properties of the analogous rhenium 
compounds, with emphasis on decarbonylation reactions. 
Striking differences in thermal stability and ease of 
decarbonylation between manganese compounds and their 


rhenium analogs are explored. 
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Section II. Cycloheptatrienyl Compounds of Manganese 


The sacylecompound 1 ywas prepared according to the 
procedure of Whitesides and Budnik.°> The reported 
physical and spectroscopic properties of this material 
are in agreement with our observations, with the excep- 
tion of the infrared spectrum. The reported infrared 
spectrum (pentane solution) consists of four absorptions 
freee CaLrbOnybasereorching region: 2115, 2050, 2005 
and #1652 saa (acyl CO) sUnder higher resolution, 4a 


more complex spectrum is evident (see Figure I). 


For a molecule LMn (CO) - Oia C symmetry only three 


Av 
IniGared active CO stretching vibrations are predicted 
from group theory (2A, and Tye ineavusylvand racy. 
Mn (CO) - compounds with lower than C3 symmetry in the alkyl 
or acyl groups, the normally infrared inactive By 
stretching mode becomes infrared active and the doubly 
degenerate E mode splits into two components. >! By 


comparison to other compounds of the R-Mn (CO) - and 
O 


oe the, infrared spectrum of Tecan ebe 


assigned: (cyclohexane, Yao’ aan 214 (w,A,), 2050 


(w,B,), 2020 sii) se 2 009.8 SB). 2.005 (Ss,A,)- 


iH) 
R-C-Mn (CO) , type, 


The acyl stretching frequency is also split into 


nes riieaG5S ona oe——phits=ts=duexto 


two bands at 1668 cm 
the existence of two different rotamers with respect to 


thescacbon-carbonsbond, in the acyl group.) Similar eftects 
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in other R-C-Mn (CO) « compounds have been reported by 
Calderazzo. 28 

Thess pnotocnemicalvdecarbonylation of 1 was carried 
out in acetone at -50°C using an immersion well reactor 
with a refrigerated lamp jacket (450 W medium pressure 
Hg discharge lamp). A nitrogen purge was maintained and 
the progress of the reaction monitored by infrared 
Spectroscopy. This procedure is very Similar to that 
employed by Whitesides and Budnik. Chromatographic 
work-up (see experimental section for details) gave the 
expected (n°-C4H7) Mn (CO) 4 in 142 yield as well as a red 
compound identified by infrared spectroscopy as 
(n?-C5H2) Mn (CO) , (oe Seca gurerl |) NMRySpectra oF 
this material indicated contamination with ditropyl. 
Carerul recrvstalligation=trom™=hexane alfords 3 as large 
red needles and ditropyl in the form of large colourless 
plates. These were then physically separated and the 
red crystals were recrystallized once more from hexane 
LOmgiVve pure 3 10° /% yield, All spectroscopic and 
analytical data are consistent with the formulation of 
3 aS “aa tetracarbonyl compound. 

In view of the presence of this new compound among 
the products of the photochemical decarbonylation 
reaction. some of the physical. properties! of (2 reported 


by Whitesides which differ slightly from our observations 
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ele Perhaps cxplicavic. Compound 2 was reported as ‘a 
brighthorange:solid,.mp 642C, >. (SEOH moO? en 4500) 0, 
262 e0mpvee 0400) saa ineournvhands,-24is.a yellow,solid, 


Mpnmodac, Aan (SEOH 3 40a(en 3450). 31 benmeade.10350).. 
Contamination),of 2 by a small.amount of 3 {mp 966°C) 
would not substantially affect the elemental analysis. 
Dekectionpoleseby NMRespectroscopy under the, conditions 
employed byaWhitesidessispnotspossible~since,3.41s fluxional 
and would give only a very broad signal at the temperatures 
indicated. (ReferetoseChapter, Vilil-~for.a.discussion of 
thes i extonal fonoperties of 3 and related compounds. ) 
Ligpsyinesplevyeathe (intense, red,colourgofe 3: 4a 2 
CEGOH es ComiMcrDlSs Oye 6222 nm, (cs 38700)) could.lead.to a 
detectable change in the UV/visible absorption spectrum 
Ob o2-4 The Gaitfecrences;betweensour, observed UV/visible 
Specerumeof Ziand-the spectrum reported by Whitesides 
abemscOriargey (Caejo0-nm) | thatysomegother sourcesof this 


discrepancy must be considered. 
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Section III. Preparation and Properties of (7-n"-CH. ) Re (CO). 


The failure of our attempts and those of other workers 
to prepare a monohaptocycloheptatrienyl compound of 


Manganese could be attributed to two different factors. 


Whitesides» has suggested that (7-17 -C5H5) Mn (CO) , would 


be very unstable due to weakness of the metal-carbon o 
bond which arises from the stabilization of the tropyl 
radical. The other possible explanation is that under 
photolysis conditions, facile decarbonylation to the 
trihapto and pentahapto compounds prevents isolation of 
(7-n*-C5H.) Mn (CO) g. 


A quantitative study of Mn-C versus Re-C bond strengths 


Nesebeen reported by skinner et pubdate JGlES [UhoW Gx Jeiehelel 


dissociation energy D[CH,-Mn (CO) Sw fet ee ee OO LG 


5] 
So eee Ca atenk™ (the value depends on a choice 


40,41 


between two different reported values for D[Mn-Mn] 


10)° For rhenium D[CH3-Re (CO) , 


kcal/mol. In a monohaptocycloheptatrienyl alkyl, the 


in Mn, (CO) Wheel Seto 32 eee 


M-C o-bond will be weakened by resonance stabilization 
Orechesrropy i radical. Lnis Stabllazaridon LelativVicaLO 


the methyl radical can be estimated by comparing the 


measured DIC jH-CoHO] LOLBOLELODY le Otees 5 cole “aeel BY 


with D[CH ~CH,] for ethane, which is reported as 88 


3 


kcal “ata ong On this basis, the Sstabilizativoneort the 


CoH: radical relative to CH ° is approximately 
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dO 


206 Kcal moles The apparent instability of 


(7-1 -C5H7) Mn (CO) 5 is to be expected, since D[C 
1 


77 -Mn (CO) .] 


will be in the range of 2-5 kcal mol Ae@similar 


estimate for the rhenium analog gives D[C ~Re (CO) -] of 


ee 
aboue 27 4kcal rote which should be sufficient bond 
Strength to allow isolation of the compound. 

Another route by which a monohaptocycloheptatrienyl 
compound could decompose would be by decarbonylation to 
a trihapto compound, as noted in Section I in the 


synthesis of (n°-C,H.)Mn (CO) ,. Rhenium pentacarbonyl 


compounds are known to exhibit reduced CO lability 
compared to the manganese Bnalogs: — For example, at 
the time that this research was undertaken a report of 
the synthesis of (n?-C3H,) Re (CO) « had appeared in which 


it was stated that "Limited attempts to decarbonylate 


44 


this material were unpromising. (the presumed product 


of decarbonylation, (n°-C,H,) Re (CO) 4, is a stable compound 
45 


available by another route). A subsequent reinvestiga- 


£10n of this work established that (n*-C4H.) Re (CO) does 


undergo decarbonylation under UV irradiation to afford 


46 


(n?-C Hg) Re (CO) Ineo e ey 1eLO. 


4 
Based on the above considerations of greater Re-C 
o bond strength and reduced lability BO eN ec decarbonyla- 
\\ 
tion of rhenium systems, the acyl CjH7-C-Re (CO); was 


prepared as an entry intogthe mhenium system (eq. 2). 
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O 
i THF " 
C7H7—C—Cl + Na[Re(CO)s] >> C—Re(CO), (2) 


4 


Compound 4 was fully characterized by infrared, NMR 
and mass spectroscopy as well as elemental analysis. The 
infrared spectrum is very Similar to that of the manganese 
analog, again exhibiting splitting of the doubly degenerate 
E mode and a doubling of the acyl stretching frequencies 
due to rotational isomerism (see Section I for a discussion 
of these effects). 

Photochemical agecarbonylation of 4 in acetone’ at 


-78°C affords the monohaptocycloheptatrienyl compound 


Peo ey eld ed.) -  COMPOUNG Oeisvan air stable, orange | 
“ hv ‘ \ ’ 
(Creo ——+ Re(CO)< fey 
acetone,—78°C a 
4 2 


Sescoinessolldawhiicnemelts at /4°C. ltehas beens tuday, 
characterized by elemental analysis and spectroscopic 
methods. The contrast between these results and those 
obtained in the manganese system is quite remarkable. 
Since 5 is a stable compound, we investigated a 


more direct synthesis from ClHIBF, (60 wed) aeeourprising.ly, 


THF 7 
[C,H.] [BF4] + Na[Re(CO),] ae O Re(CO)- (4) 


2 
2 









° AiG os nieee ,polens ~~ 


e 3°38s\- 
53 rudd rit 
‘ 
' 

: ai y 

- \ ~ t - i [Pi 

\ bf - | 

’ Pa 


' come 
viftuz si ae a ree . a ( zh ; sJeyzo 


Sr TO: ec aa J i { : i as ie: 743 nTS 7 i 3 ine146d3 y. 
! 









eaots i fw € ri uESA 5 f teow ac Fae yi iiG an P sbodsem i] 
ii 

a > 
$; a6 
a 






sttup al madeave steneanrten ade ac bec 





k 
P : A 
fegitasvnt ow  rtES pidate s ak & 90 a 


[ ao, 


A : » 
. at 3 ij 





ab nm Ag ya 2982 


Kole 


Ze, 


this 7eaction Vs essentially quantitative, affording | 
in 90% isolated yield. As noted in the introduction, 
all previously reported reactions of metal carbonyl 
anions with tropylium led to oxidation of the anion and 
TeCouGelon) Ometnewtropy lum car lonetory ditropy] . 
The infrared spectrum™of 5 in cyclohexane solution 
Hi 


shows three Yeo bands at 2120, 2015 and 1983 cm’. The 


positions and relative intensities of these bands are 


a1 738 Further confirma- 


Ey ca oot. an M(CO). derivative. 
Prom orelheecoOrmulationeof 57as a pentacanbonyl] derivative 
was provided by the mass spectrum, which has a molecular 
ion corresponding to (CHH5) Re (CO). at m/e 418 with the 
correct isotope pattern. Ions corresponding to loss of 
UpetOutiverCO¥vgroups were also observed. 


The 1 


HeNMRespectrum Of) 591s shownsinsrigure Iil- 
The assignments shown on the spectrum are based on the 
following decoupling experiments: 
ijimthe tuaplet of triplets at 6 3.1/6s8integrates as 
one proton, therefore it is HO. Decoupling of 
this signal causes the signal at 6 5.44 to 
collapse to a broad doublet. This peak is assigned 
to i, wae 
2) Decoupling of Hy ¢ causes H. to collapse to a 


singlet while the complex resonances at 6 5.25 


becomes much narrower (i.e., a large coupling is 
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removed). This resonance is assigned to H. 5° 
’ 


3) Decoupling of H, 5 causes the remaining resonance 
‘ 
Stoo mI OmtLOnCOlL lapse tora Sanglet,, confirming 


that this = resonancewis duesto H, 4° 
, 


These assignments of the li; spectrum can then be 


used as the basis for selective proton decoupling experi- 


ments to assign the olefinic resonances in the ne NMR 


SpeGurium me slnen 25.016 MHZ nthe NMR spectrum (broad band 


proton decoupled) is shown in Figure IV. The two carbonyl 
resonances can be assigned by inspection, based on their 
intensity ratio, to the axial and equatorial carbonyl 


positions. Confirmation of this assignment is provided 


by comparison with the reported ee NMR spectra of other 


Re (CO). derivatives, where the equatorial CO resonances 
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5 
arerat lower ™tiela than the axial C@ resonance. 


1 


Pospect@ilonmotauhes oH NMR spectrum of 5 in methy1— 


cyclohexane-d reveals that the vicinal coupling 


14 


constant : Inethrs COMpPOUNG LSoACe lee peel oeCoOups Ade 


ie 


is altered very slightly by a change in solvent to 


dioxane-d, or CFHC1,/CD5C1 


3 (4:1i9% Zin» both of these 


2 
tie = 8.5 Hz.) Compoundg@o) potentially ghas 


two different conformers in solution, which can be 


solvents, 


represented as 5a and 5b. 
Re(CO). H 7 


H; - : Re(CO)s 
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In cycloheptatriene ate SSG, wae 


52 a3 


and in 7-substituted 
derivatives, there is a rapid equilibrium between 
conformers analogous to 6a and 6b. This process can be 
Slowed down (on the NMR time scale) at low temperatures 
(ea. @=100SC). 9 The Hy resonances of the two conformers 


typically exhibit chemical shift differences of 1 ppm 


Or more and also substantial differences in 3 


Taye, An 

example of these differences is peeve ced by the recent 
\ 

Sscthdyeort.Guntherwet talsion C,H5-C-H (Gpoie AtEs152EC 


in CD,C1,/vinyl chloridea( liz) peconformerse#6arand 6b 


could be clearly distinguished. 


a 
H o—— 0 
7 
O 4 
oe 5 6 H 
5 6 \ fi 
H 
3 3 
2 1 2 : 
6 
6b = 
igbehatohe el Shae) 
Bega S 21-.25 af 
he eye Fe tee = Paw 


These results for the vicinal coupling constants 


are in accord with predictions based on the Karplus curve.?> 


The vicinal angle between H and Hy (6) Leo Del secaw 1207) 
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sO a vicinal coupling constant of about 4 Hz would be 
expected) while»5a should’ giveva*coupling constant"of 
approximately 8 Hz. 

panecesenery lemma lSecouplang¥constantein® 58as08*7oxHz , 
we tentatively conclude that 5a is the predominant form 
enesolution;: “tntorder*to’investigate the®5a®7O5b 
interconversion, a low temperature NMR study was carried 
Suty == AVSampi cPoLeS@was dissolved in CFHC1,/CD,C1l 


2 
and the 100 MHz i NMR spectrum waS examined at various 


(4:1) 


Remperaeubesedowne cov-150"°C Me There 1s some*lgnes broad— 
ening and loss of resolution at this temperature, but 
PAeCrGhenicalimonie: and Vicinal coupling! constant are 
unchanged. No new signals are observed. 

Piese resi. COntirm Chat 5a 1s? the predom@nant 
eonrermer in soliton. The amount, O8 5b present is 
below ly NMR detection limits. These conclusions are 
based on the reasonable assumptions that the chemical 


SriattstoreHs ian Ssaeandeo) would be different and that 


‘i 
thewactivation,energy for 5a 7° 5b* interconversion aisenot 
substantially lower than that observed in other 7-sub- 
stituted cycloheptatriene derivatives. 

ASsamslar/ vicinal? coupling? constant (Hager == 320RHZ) 
had been reported for Ph,Sn(7-n"-C5H.), Cone implying 


an simalartsolutwon=structuresfor the®twemcompoundse Vit 


has’ alSo- been established by. crystallography that the 
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solid state structure of the tin compound is the conformer 
analogous to Bask Invorderfto elucidate structural 
features of a transition metal monohapto compound, a 
SGeerniMatlOnsOtetnesstructuremoft 5*was carried out by 
theserystallographic staff of Molecular Structure 
Corporation, Colleges ctationw Texas, =Details of the 

data collection and refinement procedure as well as tables 
of structural parameters, bond lengths and bond angles 
will be found in the experimental section. 


The crystal structure (see Figure V) establishes 


that thewsoleaid state=structure of >, is conformer 5a. 


Re(CO)s 





5a 7a 


THis 1S very Similar to the@reportedmstructure for 


Tea The length of the Re-C_ bond 


Ph Says rewe H 5 


3 qa). 


$s 2.348(11) A. This tratue\is Ahe@mcame within 


experimental error, as the Re-CH, bonds in 


° 5 
(1°-C,H,) Re (CO) .Br (CH) , SEE eG eee and somewhat longer 
° 
than the mean Re-CH, distance of 2.24 Agin 
5 4 59 a f 
(n -C.He) (n -C,H.CH,) Re (CH) >- A Re CH, distance of 


sO Geet 017, A in CH..-Re(CO)_ has been determined by 


3 s) 


5S | | | 
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FIGURE V. The molecular structure ,of (7-n"-C5H7) Re (CO) «. 


Thermal ellipsoidssare drawn,gat. the 50%,level. 
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electron diffraction. °° To our knowledge no X-ray 


Structure has beens reported fora compound in which the 
Re (CO). group is bonded to an sp? Carbonsatom..) A 
comparison of the solid state structures of 5 and another 
R-Re (CO), derivative would be interesting. 

Si vCepom omtLnecarsreteexample of a monohaptocyclo- 
heptatrienyl compound of a transition metal, we were 
interested in making a quantitative measurement of the 
Stabtletyeot sthisecompound.| Thermal decomposition of 5 


gives Re, (CO) 19 anceaatLOpyla\edue 5) ine al first order 


uf A 
2(7-n ~C 5H) Re (CO), Soren a Re, (CO), 4 C5) 


reaction. Quantitative results were obtained by fe NMR 


monitoring in dioxane-d, (see Experimental section for 
details). Activation parameters calculated from an 


EVuiIngaplotsoL datas from three temperatures are AHT = 


30 4eete 0 oe KCal ten as* =5F See ee Uy AGE yo 


te JeKCa lL tee (error limits correspond to one standard 


= 20. 


deviation). 
As noted above, we had estimated a value for homolytic 
dissociation of the Re-C o bond in 5 of about 27 kcal Olay 


which is in good agreement with the observed activation 


Pee] 
| | 
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energy. As discussed in Chapter VII, this estimate of 
Cle oe OnCmacneNi Gia. Sceimportant. inl establishing 
that the fluxional behaviour of this molecule does not 


arise from a dissociative process. 
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Section IV. Decarbonylation Reactions of (7=n'=c Ho) Re (CO) 


u 2 


The possibility of preparing rhenium analogs of 
(n3-cjH)Mn (CO), and (n°-C,H.)Mn(CO), led us to consider 
decarbonylation reactions of 5. An obvious method to 
achieveithisiwouldtbermby further irradiation of 5, similar 
to the procedure employed for the manganese system. However, 
this approach might have yielded mixtures of various 
decarbonylation products requiring chromatographic separa- 
tion, so an alternative method was sought. 

The use of trimethylamine-N-oxide (Me NO) for 
decarbonylation of metal carbonyls is a well established 
reaction. This reaction is frequently used as an alterna- 
tive to thermal or photochemical methods for replacing a 
metal bound CO with a ligand L (L = PR 


POR) ASR 


shy 3h" Sig 
etc.). Advantages of this method are that milder condi- 
tions are required compared to thermal reactions, and 
that undesirable side reactions caused by photolysis 
are eliminated. For example, substituted group 
VI carbonyls L5M(CO) 4 and L3M(CO) 3 have been prepared 
using mild conditions. °+ 

The remarkable acceleration of substitution by 


Me.NO as compared to purely thermal reactions is demonstrat- 


3 
ed by the substitution of Ph-Mn (CO) 5 by PPh, (eq. 6) 
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CHoCl 
+ Ph-Mn (CO). ————————— cis-PhMn (PPh.) (CO), (6) 


23°C 


PPh, 


which gives a 64% yield after three days. °* Recent 
investigations by Brown and coworkers°? have shown that 
this reaction is greatly accelerated in the presence of 


one equivalent of Me.NO (88% isolated yield). 


3 


The mechanism of the promotion of CO loss is not 
entirely understood, but the reaction of Fe(CO), with 


Me ,NO in the absence of added ligand has been shown to 


give a trimethylamine complex of iron (eq. 7), with 


NO ——> Fe (CO), (Me,N) + CO, hey) 


Fe (CO). + Me, 


evolution of cGeee These results suggest that the 


Bedetioumprocecds, Via nucleophilic attack atmcarbony] 

carbon, loss of co. and subsequent complexation by Me.N. 
Whenjjs eeeacts with one equivalent of Me ,NO in CH5Cl., 

there is an immediate colour change from orange to deep 


wine red. (1°-C4H,) Re (CO) , (8) can be isolated Wey FFs 


yield (eq. 8). 
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Mie wnerarecd spectrum Of 8 shows four » absorptions 


CO 
ac 2039, 2006, 1L960rand 1963 cma (cyclohexane). “This 
iS very Similar to the infrared spectrum reported for 


(n?-C,H,) Re (CO) DL, NOM, ONO, TOK? VEtenkai ys 


4° 
Sswellwas that. oc (n°-C.H,) Mn (CO) , (sceUrigure: 11). Tne 
mass spectrum shows the molecular ion as well as successive 
ul le3 


Posse oOcrcour GOS H and C NMR studies have confirmed 
that the cycloheptatriene ring is bound to the metal in 

a trihapto fashion and that the compound exhibits flux- 
Dona wecenaviOurm Viel ,2eSliitts of the metal moiety around 
the ring. Detailed consideration of these NMR results 


Wille be rounds an Chanter VILL. 


Pintle decarbony lation Of (6)) 1s readily effected, 


again uSing Me ,NO (ec) geo) seein thes, reaction, theered 
O 
S oO 
[mec 
Fig | 
~Re Me ,NO Re (9) 
~o —— ———_—__—_> D < 
| O CHCl. Ae A _ 
Cc oO © 
O Oo Cc fe) 
O 
8 9 


Colour. Ofge(o)™ 1Sereplaced by™ the pale yellow colour of 


(1?-C_H.) Re (CO) (9) / pn irae y. Ldentet tedMby sits 


3 


infrared spectrum, which consists of three intense bands 
in the v., region at 2034, 1963 and 1939 em7+ (cylco- 
hexane), a very Similar spectrum to that observed for 


(n?-C5H,) Mn (CO) (see SectionsiIl). Other ‘spectroscopic 
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and analytical results are consistent with the formula- 
tion of 9 as a pentahapto cycloheptatrienyl complex. 

Once again, H and ae NMR spectra show that the compound 
isetluxi0onal, with the Re (CO) , group migrating around 
Ehemringaviall,2esnittts.)) There 1S also a second fluxional 
process which scrambles the metal carbonyls. A detailed 
analysis of these processes is found in Chapter VIII. 

As noted previously, Me ,NO promoted decarbonylation 
reactions are believed to proceed through an intermediate 
Me ,N Conplex el OwoOuywapolicatriaon Of this method, the 
"ligand" which replaces CO is formally a double bond of 
a triene system which is already attached to the metal. 
Infrared monitoring of the reaction solutions gave no 
evidence for detectable concentrations of an intermediate. 
In these reactions, CO. loss could be followed immediately 
DyeCOOTrG1natLlOn OL two more, Carbon atoms of the rang. 

SECCMpEseromct ect rurcher decarbonyiation, Of 9 


Inetially were mot successful. 


CH.C1./Me,NO 
Reflux 











No Reaction 





Me.NO/Toluene 


Reflux Decomposition 
Reflux/N. Purge 


o Reaction 
Octane y 





1 
Re Reflux/N, Purge 
< o, 
ao A — Toluene Decomposition 
re) Cc ce) 
O Ref lux/THF Decomposition 


Pd/C 


Reflux/Hexane 
No Reaction 


Pd/C 
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The failure of 9 to decarbonylate in the presence 
(eRe Me 3NO is perhaps not surprising in view of the require- 
ment for nucleophilic attack on the coordinated CO group. 
The infrared spectrum of 9 shows that the carbonyl groups 
have lower Yeo frequencies than in the tetracarbonyl 
compound 8 and thus have less positive charge at carbon. 


i 


By comparison, CpMo(CO)4I (v 2046, 1989, 1968 cm ~) 


GE 


reacts) rapidly with Me NO, but CpMo(CO),-CH, (v 2010, 


3 | | 0) 
ISO L946 one) does not react under the same conditions. 
The infrared Yeo Emecuenctes Ore 9etalle between these two 


molybdenum compounds. Lower Yeo frequencies indicate 
greater back bonding from the metal center into the 
CO7m* orbitals and thus correlate with the observation of 
reduced susceptibility of the carbonyl carbon to attack 
by nucleophiles. Similar correlations have been observed 
for nucleophilic attack on coordinated carbonyl groups 
by organolithium Sompounds ce 

Whensuecabbonylatton Of 9susing ultrvaviolets light 
(Hanovia 140 W lamp, quartz vessel) was attempted, no 
reaction was observed after 24 h. However, 9 was 
consumed when a more intense light source (450 W medium 
pressure Hg discharge) in an immersion well reactor 
cooled to -50°C was employed. Chromatographic work-up 
allowed isolation of “a bright red crystalline material 


in ca. 1% yield (see Experimental section for details). 
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This product is soluble in CH Cl, ope UDSIL TS Geibke 


2 

essentially insoluble in hydrocarbons. The a NMR spectrum 
(CD,Cl.) at room temperature shows only one sharp singlet 
Atoms. .6 DPM ee = 0.8Hz). The mass spectrum (see 
Figure VI) shows a molecular ion envelope at m/e 664-670 
which matches the isotope pattern calculated for 
C1 gH gRe59,- This cluster of ions corresponds to two 
(CjH7) Re (CO) 5 units. Peaks corresponding to successive 
loss of four CO groups are also observed, as well as a 
peak at m/e 334 which has an isotope pattern consistent 
with CoH 7ReO, - These observations indicate that the 
product is best formulated as [(CjH,) Re (CO) 51, (10). 

Structural possibilities for such a formulation 


are limited. One possibility is a dimer with a Re=Re 


double bond. The very sharp single line observed in the 








(n°CoH,) (CO) 5Re e (CO), (n°C4H,) 


a NMR spectrum of 10 at room temperature is not consistent 


with this formulation. Pentahaptocycloheptatrienyl 
compounds*are fluxional, but the barriers to metal migra— 
tion observed are too high to give such a sharp line at 
ambient temperature (see Chapter VIII). 

ee (C{H7) Re (CO) 5 satisfies the effective atomic 
number rule, other structural possibilities for a dimeric 


species require bridging ligands. The infrared spectrum 
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Mass spectrum of 10 
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CPL scene lgGures Vid consists of three Yeo bands: 
1981, 1951 and 1890 cm (CHCl, solution). The lowest 
frequency band is broad and slightly asymmetric, 
indicating the possibility of two absorptions which are 
incompletely resolved. Since there are no infrared 
bands due to bridging carbonyl groups, the bridging 


ligands must be cycloheptatrienyl groups. Two structural 


possibilities are: 


Oo. SE, ice 
soo (eeNeSe 


10b 





Both of these structures have C symmetry. Only 


2n 


two infrared active Yeo bands would be expected for 10a 


Gr euO bee ew pOossibile explanation for) the additional band(s) 


observed is that exact C symmetry iS not maintained in 


2h 
solution. 

The bridging cycloheptatrienyl group is well 
documented in the literature. An example of a bonding 
mode analogous to 10b is provided by Fe (CO) , (CjH7) RA (CO) »- 


66 


The solid state structure of this compound can be 


represented schematically: 
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(CO) ,Rh——Fe (CO) , 


The ly NMR spectrum of this compounds shows a single line 


COWnN CO 3LoOOSC. 

A geometry analogous to 10a has been demonstrated 
ine the Solid state for Ru 3 (CO) § (CAH 7) (CoH g)s an which 
the cycloheptatrienyl ring is equally bonded to two 
ruthenium atoms. The a NMR spectrum of this ring shows 
emsnarpesingler. even at. —100°C. 


Pelee resting to Compare) the properties of (10 


to known neutral (Hosc 


Te 


5HA) compounds of the transition 


Co H5)V(CO) , is a diamagnetic monomer , as 
68 


is (n?-C,.He)cr(n! ~C.H). A paramagnetic vanadium 


analog of this chromium compound, (n >-CgH,)V V(n CoHW) 
also acre The. structure of this. compound was con- 


firmed by X-ray crystallography. ’° The li NMR spectra 


metals. (n 


7s 


of some mononuclear, dinuclear and trinuclear (n PB eh it) 


complexes are listed in Table I. The large variation in 

6 values and solvents make these results difficult to 
interpret but in general the mononuclear compounds exhibit 
resonances for the cycloheptatrienyl groups at lower 


Lieligihanethes bridging sderivacives. ee H_) Re (CO) 


food 
Pemtypicaleot thnesbrtagang COmpOuNndS atyo) =993 4/6 ppm. 
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TABLEMLa H NMR Data for Some (CH) Compounds. 
Compound SG H (solvent) Reference 
Py 
(n?-c H yer (n/-c He) At 928 (C2 D=4 68 
Be 5 lead ; 6. 6 
(n/-CJH5)V(CO) 4.64 (toluene~d,) Za, 
y 4.11 (solvent ?) 67 
‘e) —Ru/— Ru —C0 
i cy. 
o 0 
Ru Bl4e (solvents) 67 
O 0 
oct /\% co 
—Ru Run 
Fe (CO) ,(CjH,) Rh(CO) , Ane 66 
Fe (CO) 3 (CH) Mn (CO) 3 a0 5 (CFHC1.,:CD,C1.) 66 
4:1 
Fe (CO) 3 (CjH7) Re (CO) 5 AR22 66 


7 
[(n ~C5H,) Re (CO) 5), (10) 3.27.0 (CDCl This work 
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The 7H NMRespectrum or 0 1s thus andicative of the 


dimeric structure, in accord with the infrared and mass 
spectral results.” However, the lay NMR spectrum does not 
distinguish between 10a and 10b as possible structures. 


Mito PayeGrysStallographic study of 10 °is*currently “under 


way. 
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Section V. Experimental 


Rhenium carbonyl and manganese carbonyl were purchased 
fromestremtChemicalspinc? efhe Mn (CO)5 9 was purified by 
sublimation before use. Tropylium tetrafluoroborate and 
Me ,NO°H.0 were obtained from Aldrich Chemicals. Dehydra- 
tion of the Me,NO°H,O was effected by azeotropic dis- 
tillation from toluene. 7-Cycloheptatrienylacyl chloride 
waS prepared by the method of Dewar and aeccan An 
improved preparation of the carboxylic acid precursor 


developed by Betz was employed. /? 


General Techniques 


All reactions and manipulations were carried out 
under an atmosphere of purified nitrogen. Commercial 
nitrogen was purified by passing through a heated 
Column blo C) Ore BASE «Cu=—based Catalyst 7(R3—-11)9 to 
remove oxygen and a column of Mallinkrodt Aquasorb 
(P50. Ongan wnertasupport) jo remove water. 

Solvents were distilled under nitrogen immediately 
prior to use. Drying agents employed were: pentanes, 
hexanes and benzene (CaH,) CH,C1,(P50.) i acetone 
(Drierite); THF (potassium/benzophenone). Ether (anhydrous) 
was used as received from Mallinckrodt Chemical Works. 
In the case of preparations involving metal carbonyl 


anions prepared from Na/K, the THF solvent was transferred 
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directly from the drying agent in vacuo by cooling the 
reaction flask with Liquid nitrogen. 

Infrared spectra were recorded using a Nicolet Mx-l 
FrYIR Spectrometer in 0.5 mm or 0.1 mm Nacl cells unless 
otherwise noted. Mass spectra were measured using an 
Associated Electronics Industries M5-12 Mass Spectrometer 
coupled with a Nova-3 computer employing D5-50 software. 
All NMR spectra were recorded using Bruker HFX-90, WP-200 
or WH-400 FT NMR instruments. Details of operating 
parameters, temperature calibration and other experimental 
conditions used in obtaining NMR spectra are given in 
Crapcvers Vil Vand». Vili. 

Melting points were determined uSing a Kofler hot 
stage microscope. Microanalyses were performed by the 


microanalytical laboratory of this department. 


i 
Preparation of C5H5-C-Mn (CO). lis uae 


35 


The procedure of Whitesides and Budnik was followed, 


Wieleolightemodificatron. Mn , (CO) (QE eg 2 5 amma) 


10 
was dissolved in 100 mL THF and stirred with excess 1% 
Na/Ho (20 mmol Na)... After 2 h, excess amalgam, wassremovea 


andwthe Solution was filtered. 1.7 9 (11 .mmol7 i sami) 


O 
OL cyH,-¢-c1’? was added dropwise over one minute (the 
O 
density of oie se) Was determined as L232 g/mL). sArter 


Onewiour StarLing,mtne solution was filtered to remove 
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a pale yellow precipitate. The solution was taken to 
dryness on the Rotovap to give a red-orange crystalline 
residue. This residue was extracted with 10 x 25 mL of 
hexane. The combined extracts were filtered and cooled 

COgs cece tOuat Tord yl sas pale yellow needles, mp 84°C 
(darkens) lit. mp 83°C (dec).?> yield: 1.90 g, 563. ‘y 
NMR in C.De identical with reported spectrum. For details 


of infrared spectrum, see discussion. 
Photochemical decarbonylation of 1. 


Compounde | )( 790 mG7e3 lo mmol) was dissolved in 
GOPmL Of Ny Saturated acetone and placed in an immersion 
well photochemical reactor. The lamp jacket was cooled 
with 50:50 ethylene glycol/water coolant recirculated 
and cooled to -25°C using a NESLAB RTE-8 refrigerated 
Circulating bath. The entire apparatus was immersed in 
a dry ice-acetone bath maintained at -78°C. The tempera- 
PiveeOmeliemsolutvongwas Ca.) —50°C. A, continuous No 
purge was maintained throughout. 

Infrared monitoring during photolysis indicated 
a rapid decrease in the intensity of the band at 2005 cm? 
due to the starting acyl. The photolysis was terminated 
after 19 minutes. The acetone was removed on the Rotovap 


to give a red oil. The oil was extracted with benzene 
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erenemec ent letcCo na co—-200 mesh, grade 12) 4. Elution 
with heptane gave a single orange band. The heptane 
Solution was concentrated to ca, 5 mL, then applied to 

a second column consisting of 150 g Fluka Kieselgel G 
(TLC grade) slurried with heptane and packed under 12 
psi N,_ to G) Vepomoeccmo mache x 1 4.cm.) . elution warn 


heptane gave Mn4 (CO), 9 followed by (n?-C,H,) Mn (CO) and 


ee 
finally (n°-C,H_)Mn (CO) 5. Separation was complete. 


Merce HeMn(CO)R (2) r 


The third fraction from the chromatography column 
was evaporated to give a bright yellow crystalline 


Becht bcc hyo Loadbuzailon trom hexane altorded. 2 as 
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yellow needles (lit.: ‘elotzyavetoah ankey toy -Yernd @ibker iow Oa) 
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Mireiccmee oom (las) s LR: (hexane, Yao! 


ioe eyes Loe at ad RS (CS.) 


(acetone-d_, = eho eo QusMilZi mi) fie Oo (Lye LHy Hi pare 
Wy Spensys 
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ASAE STS NB 2 We era Re: ee (ECON) 374, (e345 037 m8 J eniesemn 3510) 


max 


ieee Anay (EtOH) 307 ( 4500), 262 nm (c 10400). 


S 
(n7-CjH,)Mn (CO), (3)- 


The red band (second to elute, after Mn (CO), g) was 


collected and evaporated to dryness to give a red 


AMOI ATER MINS HIBS RER Os H NMR: 
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Crystalline residue (150 mg) which was recrystallized from 
demo nexane by cooling to -78°C. This procedure gave a 
mixture of red and white crystals. The ly NMR spectrum 

of a white crystal identified this material as ditropyl, 
Worene lace sden ical solubility properties to 3. A second, 
slow erecrystallization atforded 3 as deep red needles 

and ditropyl as large colourless plates. These were 


physically separated and the red material recrystallized 


Once Mone to givelpure 3 (60 mg, 7%) mp 66°C 4tgas evolved) 


IR (hexane, v.44, cm >) 2063m, 2001s, 1970s, 1960s (see 
Figure II). Mass spectrum: (14 ev, 80°C) M, Mt = nie CO 
(n = 2-4). 
Anal. alLoa tor Cj H5MnO,: Chee Doe Oran tec ae eee OUunG: 
C, 51.09; H, 2.92. “HNMR (-90°C, THF-d,, 400 MHz, 6) 
aCe timer) Fl, Ho, Ji _>5 =i) eZ ep 4 Od) AM 2h, Hy 3)s 
Sree (n>, .2H, He gs Se ooe(me LOH, Haq): ne (EtOH) 
Se ome Coen Ue oe ile 630700). 
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| 
Preparation” of C5H,-C-Re (CO). (4). 
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\| 


NeSOlUCION OL (Cone -C-Ciei2 04 og, 1352. mmnol)) ane 


Tala 
mL THF was added at room temperature over 30 min to a 
SOluELON OL NaRe (CO). prepared from 4.73279) (6..6 mmol) 
Re, (CO), by reaction with Ne/Hg inp l00smiu THE. Accer 


30 min stirring, the volume of THF was reduced under 


VaACUUN. tO 120 ML ethessolution was Giluted with 200 mL 
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Water and extracted with 5 x 30 mL hexane. The extracts 
were dried, filtered and cooled to -10°C. Further 
Cooling ao" -/e.C completed the crystallization, affording 
Pca eeVerLOwecuystauce mp IOC (454 "qt! 702 art TR 


(cyclohexane, cm *, Vv with intensity and assignment in 


CO 
© re symmetry) 2132 (w,A,), 2061 (w,B,), 2020" (sn, 2014 
(s,E), 199 (s,A,), 1637, 1626 (w,acyl co). 7H NMR 


(methylcyclohexane-d OC) ono (mM, 2H" H neo. oem, 


14’ 
See leee (it yeeeiie Hi eee, APSE Aer ae 


3,4 


HZ)? CANME Se CDC mec: Cee Oo) 16 (C_), OO aE aCe 


3 lee 


oe oer es OMG pies ax dle oO), los sl: 


Os a cunt! 
(eqnarorla 1f°CO)* 243°. 7 xX acyl CO)”. 


Arnau -Calca for C) 3H7O;Re: Cosi SHS AOS As beret balan Tf Ee eve hepa 
a 


Cee, He 1.0.2 Mass spectrum: (Arey e502 CMs, 


My =n CO. n =) —4:. Re (CO) ,” (base peak). 
1 
Preparation of (7-7 ~C5H)Re(CO). (5) + 
Method (a). A sample of 4, (890 mg, 2 mmo. esti OM ms 


dry, oxygen-free acetone was placed in a quartz flask 

which was partly immersed in a dry ice/acetone bath and 
icoredtated tor 12 shi using a Hanovia 140 -Welamp. SAcetone 

was removed in vacuum and the orange residue extracted 

with 4 x 15 mL hexane. Cooling to -78°C gave 5 contaminated 
slightly with 4. Two recrystallizations from hexane 


afforded pure 5 as orange needles mp 74°C (500 mg, 60%). 
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IR (cyclohexane, cmt, Yeo with intensity and assignment 


in Cay Symmetry): 2120 (W,A)), 2OL Ses) E0710 983 (m,A,)- 
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H-NMR (20°C, dioxane-d oh Big DRE tis Agia aR io. 445 {m, 


oe eau 
ea ee 3 


1,6 5 Go RAS thsiap ils “ues = 


hae = 1.0 Hz). In methylcyclohexane-d 
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Det? OM i, oil, i Ne SLE. th PBey Hy 6)" aye Gi Pash 


3 7 4 
“Wy = Bot Bey si ey Meld Grae 


CO) Mel Or. eL (Co), Peal 1¢e 


3°10 


acy Sig Ae, (Vers BBel Gal 


134 yMR (10°C, THE-d,, 
141.3 (C,,);, 182.0 (axial Co), 187.3 


67 (C34) 


(equatorial CO). In methylcyclohexane-d AE? fost (ete She 


Ae 7 


ee cee eres i) (ee ee UENO SE 3 es ee abehehs 0/4 (eee er ih 


2,5)! 3,4 IPRS) 


GO) eo. 45 (equatorial CO).  “UV-VIS (dioxane, Nes nm, 


eecmee oP 450200) ,2394 7(2500). 


AnalomGaLCasfoOr C) 9H705Re: Cys 4 52 we ls Oo. round: 
+ 


Creo (rosea ele Oe Mass) Spectrum _(162eV>. 35°C): Ms 


- LAA Sarre eee + 
Mian CO on =. 2-5.) 911M CoH, CHA (base peak). 


Method (b). NaRe(CO) (10 mmol) in 100 mL THF was cooled 


5 
to -78°C (a white precipitate formed) and solid CjHIBF, 
(1.78 g, 10 mmol) was added in one portion. The mixture 
Was Stirred at -/78°C for 1 h, THF was removed under 
vacuum and the residue extracted with 3 x 20 mL hexane. 


Bukorationwand cooling. Of the Nexales sol UuLOnmtLOm— 7 Oa 


affords 5 (3.8 g, 90%) identical to that of method (a). 
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thermal decomposit1 on tor 15% 


Samp Les@oOtgo (0. 205M) an dioxane-d, were freeze-thaw 


degassed in vacuum in NMR tubes which were then sealed 


‘ehese & li NMR was used to monitor the first order 


Stes peavaicesO Le omate Nreeatemperatunes: | 1, Ke 54.53°C, 


PMG OM TOR tscce st Gen4°C 2-00 x10" seas 


We Sax ha eg Calculated activation parameters 


ome 3700 ake 


(error limits correspond to one standard deviation): 


Prue OM Oe a calemols AST 13°44 ctu. AG? Op = 


OSes calemole: The major products of the thermal 


decomposition were (CH and Re 


7 7D 


amounts (1-5%) of CoH: 


(CO) with small 


2 10 


Sera vyestoucture of 5. 


The X-ray structure determination was performed by 
Piewormy soa lOograpnic Stair OL Molecular Structure 
Corporation, College Station, Texas. “All calculations 
were performed on a linked PDP-11/45-11/60 computation 
system using the Enraf-Nonius structure determination 


package’? 


and sprivate programs of Molecular Structure 
COLD. 

A red prismatic crystal with dimensions ca. 
0.12 x 0.12°x 0.10 mm was used «for data collection. 
(Crystals were grown by slow sublimation in a sealed 


tube in a temperature gradient provided by the glower 


of a Perkin-Elmer 337 infrared spectrometer.) Details 
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Coma camoOlloctlonsares listed ingtTable.L. 

The structure was solved using the Patterson heavy- 
atom method which revealed the position of the Re atom. 
The remaining atoms were located in succeeding difference 
Fourier syntheses. Hydrogen atoms were not included in 
the calculations. The structure was refined in full- 
matrix least-squares where the function minimized was 
\2 


and the weight w is defined as Aeie ao a) 


Ew(TFGI-1F| 
Only the 1487 reflections with Fo es a) oS were used 
in refinement. The final cycle of refinement included 
78 variable parameters and converged with 

Sapte ARS oe htet aa oD WEIS. chevel 1) 
faw(JPOI-|F,|)7/twlFo|717/7 = 0.049. The highest peak in 
the final difference Fourier had a height of 0.52 Shon 
PiemoetuclurewOr alo edeplCctCd in jhagures! a )Relevant 
bond lengths and bond angles are tabulated in Tables II 


and III. Positional and thermal parameters are listed 


Tierabler lV. 


Preparation Of (n?-C,H.)Re (CO), (8) + 
210 mg(0.5 mmol) of 5 was dissolved in 20 mL CH,Cl.- 
Shey Gile) (OO) Bittele) @mepe Me NO was added. After 10 min stirring 


at room temperature, the CHoCl, was pumped off and the 
residue extracted with 3 x 10 mL of hexane. The solution 
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TABLE mee CUYSCtalmData Lor (7=n?-C,H,) Re (CO) 


PemeGelleraraneter erat 23°C." 

crystal system: monoclinic ay= 6. 962u2) A 
space group: ate fs bo= 22% 0994 3) A 
z= 4 c = 8.955(1) A 
fw =904977.39 pas L090. ae) 
p{ealca)) = 2.149g/em> Gy = ibe) 
BemeeCOULECT ION Of mi nLensity Data. 

diffractometer: Enraf-Nonius CAD 4 

radiation: MoK, (A = 0.71073 A) 

monochromator: graphite crystal, incident beam 

SCa Dey DC aed 

SCAanmeratce: 2) —-) 20°/min. (ins w) 


Scarwwidth: =a0es6:ite0. 35 0, stans.6)° 
max 20s) §4950° 


reflections collected: 2299 total, 2144 unique 


stds: 3 every 41 min, no measurable decay 
Absneecoett. = 99-2 cri 
corrections: Lorentz-polarization 


EMpinaical absorption? 





@Based on 25 reflections in the istehaveger YS << Js og MEO 


pRelative transmission coefficients ranged from 0.89 to 


1.00 with an average value of 0.95. 
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TABLE III. Bond Lengths (A).° 
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TABLE IV. 


CUs)me—Re=C.(12)) 
C(8) -Re-c(10) 
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=O CacOomplLetecd crystallization of (So) aseceep ered 
needles mp 84°C.” Yreld:#el50 mg (77%) IR! (cyclohexane, 
Voor cm") 2089 (m), 2006 (s), 1980 (s), 1963 (s). Mass 
spectrum: mM’, Me ay ELS) bee Ee ce ye 


De eco Ue Gomes OPRetwnC, S3.91; HH, 1.81. Found: 
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C, 33.84; H, 1.86. “HNMR: (-70°C, methylcyclohexane-d, ,, 
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Hi 3)' eo arin pe 20s He 6)! yr ceee ll eet, Hy 7) C NMR 
(—40°C, methylcyclohexane-d, ,, DONS e Mi Zi kOe On Me Cc.) 
Ti poe eta Clear ee eee Co, os lt es 2 ee ee Oe eho 
Roselle Los oe )ostaxial= carbonyls), [99.0 (2C) 
fequatorial Carbonyls).. 
Preparation of (n2=C,H7) Re (CO) 4 (9) 

880 mg (i emmol) of (8) was dissolved in 30 mL CH,Cl.. 


Me ,NO (eoUemo, . 0/ mmol) wwas added. “After two h stirring 


at room temperature, the CHCl. was removed under vacuum 


and the residue extracted with 3 x 20 mL of hexane. The 
SOLULION Was tiltered@and cooled to —/8°C' for 16 hyto 


Veet veds OL Ont Yellow emieecales 7 Mp ad 0. Cra. Vein: a2 
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, 
Co 4)! 13.0.0 eG, Ce 7) Metalecarmpony ic: = slOlmc. (20); 
, a 
202516 #1 C)e 


Photolysis of (n°-C_H_) Re (CO) + 


405mg (0539 mmol mof (n2-c Re (CO) , was dissolved 


7H) 
in 225 mL of heptane in an immersion well photolysis 
reactor with N, purge. The lamp jacket was cooled to 
-25°C with continuously pumped glycol/H.,0 coolant. ~fihe 
entire reactor was immersed in a dry ice-acetone bath 
(-78°C) in a large Dewar. The highest solution tempera- 
EULCeGUrIng pnotolysis was =50°C. After 20 min photolysis 
a brown precipitate forms. Photolysis was terminated 
after 2.5 h, with about 50% of the starting material 
unreacted. The solution was filtered, concentrated to 

Sap LOeMimand sappitedato a 2 cm x 7l0ecm column of (silica 
gel (Kieselgel G, Fluka AG, slurried in heptane and 

packed under 15 psi N5)- Elution with 200 mL heptane 
under pressure eluted all unreacted starting material. 

A very slow moving bright yellow-orange band had moved 

Cane) 24cm seroma tiesOLrigineaty this point se Agtuncher 

2000 mL of heptane eluted this band ca. 4 cm. Elution 

was completed with 500 mL CH5Cl,/heptane (20230)s. 


Evaporation of the solvents gave a red crystalline 


residue (3 mg). The product was soluble in CHjCl., 
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insoluble in hydrocarbons and could be recrystallized 


Al 


from CH,Cl,/heptane. IR (CH,Cl Crimes) eeLOSiem, 


2 Oa COL 
1 


Des oo UsMm ( OnOad) . H NMR (CD,C1l CO eee Oe MHZ): 


Dy 
Onewsherp Singleteatwo.5./6. Mass spectrum: (145°C, 


70 ev) M at m/e 664-670 matches isotope pattern 


Canculacled for Gc. H-- Re.O mM > ben FElO) Tey tke 


ae Ameena Aa 
m/e 334, m/e 306, m/e 91 (@pfh, Ve The product is 


formulated as [ (n’-C7H,) Re (CO) 9], (see Discussion). 


Insufficient material was available for elemental analysis. 
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CHAPTER THREE 


PHOSPHINE ADDITION REACTIONS 
Section 1. Tntroduction 


The use of phosphines as ligands is widespread in 
transition metal organometallic chemistry. In metal 
carbonyls and their derivatives, replacement of CO by a 
phosphine often raises the melting point and increases 
the thermal stability of a compound. An example of this 
effect is the marked Aeererence in stability between 


Me-Co (CO) , (decomp. at Lane © and Me-Co (CO) (PPh) 


3 
(decomp. at Mey. 

Triphenylphosphine is most commonly employed, 
probably due to convenience of handling compared to 
trialkylphosphines which are air sensitive liquids. 
Relatively few reports have appeared involving the use 


of PMe probablyeduevto difficultres, in handling this 


37 
rather volatile, air sensitive liquid. Recently several 
reports of the use of PMe, as a ligand have appeared. /® 
Particularly interesting is the work of C.P. Casey and 
Web ones 2 which PMe 3 was found to reduce the 


hapticity of a cyclopentadienyl ligand from pentahapto 


to monohapto (eq. 10). 
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Thisereaction, 1seassociative (kinette™ results show a 
linear dependence of rate on PMe3 concentration) and 
reverSible. Crystalline product was isolated from a 
Peaccion aneshiexane, Crom which the product crystallizes. 
The structure of the monohapto product was confirmed by 
X-ray crystallography. 

This reaction is the first example of the conversion 
oie (1?-C. He) igand to a (n?-C,Hs) ligand. Since 
trihapto and pentahapto derivatives of the cyclohepta- 
trienyl ligand are relatively common and accessible, we 
SOughi. LO extend this hapticity reduction process to the 
synthesis of (n*=C5H4) compounds from the corresponding 


3 3 
(n ~CiHW) and (n -CoH) complexes. 
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Section II. Rhenium Compounds 


Since the stability of (7-1 -CH4) Re (CO) « (5) has 
been established, and (n?-c,H5) Re (CO) , and (n°-C,H.) Re (CO) , 
aberavallable viasdecarbonylation Of 5, our initial goal 
was to prepare further monohapto alkyls of rhenium by 
phosphine addition reactions. The trihapto alkyl 
(n7-C_H.) Re (CO) 4, (8), was indeed found to react with 


one equivalent of PMe., to afford (7-n7-C5H.) Re (CO) ,PMe 


3 3 
mene jee vie lde(ecg.. 1)). 
‘ O 
O Cc 
Cc On | 0 
Oo » 7 
logs Ré 
\ Me3P Co (11) 
C 
C O 
O 
8 ni 
The li NMR spectrum sof; ll) is. consistentawith the 
monohaptocycloheptatrienyl formulation. The resonance 
Ear Ho is a quartet, due to equal coupling to Hy 6 and 
toOEP cae = oe = 8.8 Hz). AS discussed in’¢hapter 


2, this value for the vicinal coupling constant sandicates 
that the predominant conformation of 11 is the one shown 
sey eg MEG 

The infrared spectrum, mass spectrum and elemental 


analysis are consistent with this formulation for 1l. 
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SeCluCctons Of elblein cyclohexane-d or benzene-d, show 


2 6 


no detectable free PMe, after several days in solution, 


Indicating jehat in@the coordination of PMe. eto’ this metal 


3 


center, the equilibrium lies far to the side of complex 
formation. 
The formation of 11 from 8 is accelerated Swhen an 


excess of PMe, is employed. Although a quantitative 


kinetic study of this reaction has not been carried out, 
the reaction might reasonably be expected to be associa- 


tive, aS was observed by Casey and Jones in the reaction 


oka PMe 4 with (n?-CgH,) Re (CO) (NO) CH, uy (eq.0 11/0). 


The reaction of (1-CH_) Re (CO) 3 with PPh, proceeds 


to give a trihaptocycloheptatrienyl compound incorporating 


one PPh, Group™ teq. 12): 


(n?-c H 


WH,)Re(CO), + PPh ——» (n°-C,H,) Re (CO) PPh. (12) 


3 3 oe) 
9 12 


compound ra "hasbeen “tully jcharacterized- The infrared 


spectrum in hexane solution shows three Yeo bands of 


equal “intensity “at °2022;°1949 and 1914 cm +, consistent 


with expectations for the faciai’® isomer. The ly NMR 


spectrum (CD,C1l -70°C) is consistent with the trihapto- 


ey 
cycloheptatrienyl formulation. Two possible structures 
for 12 are shown as 12a and 12b. Since the PPh, group 


is quite sterically demanding, ’” structure 12a is probably 


preferred, since this would minimize interaction between 
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H, and the phosphine ligand. Attempts to grow crystals 


ofecrystallographic quality of 12 have so far not been 
successful. 


The reactions of (n°-C,H,) Re (CO) (NO) CH, with 


phosphines which were explored by Casey and Jones were 


limited to reactions with PMe, and dmpe. The more 


sterically demanding PBu, does not react urder the same 


3 


conditions. Although the reaction of PPh, was not 


investigated, it seems unlikely that PPh, would react 


3 

with (1°-C. He) Re (CO) (NO) CH3, since PPh, is even more 
79 

3° 


demonstrates a considerable difference between 


sterically demanding than PBu Mies toLitd lon. OL ly 


(n°-C,H_) Re (CO) (NO) CH, and 8 in reactivity toward phos- 
Phinessubstitution.. =NOwfurthern reaction sbetweenwseezeand 
excess PPh, could be detected. 


When (n?-ClH )Re (CO) , was combined with one equivalent 


7 


of PMe a trihaptocycloheptatrienyl derivatives formulated 


eee 


as (n?-C,H,) Re (CO) 3PMe (s) was formed. This formulation 


5 
for 13 is consistent with the mass spectrum and the 
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etemental analysis. The infrared spectrum of 13 is 
quite complex, with six Yeo bands (see Figure VIII). 
Poevewatemthinecs possible geometric isomers of 13, 


as shown below. For the facial isomers 13a and 13c, 


% fp PM 
Cc Cc 63 
kay, [nec | & 
eve Ree 
~Re Aone 
co | PMez aco 
Fe e3 C Cc 
O O 
13a ibis) 12 
three Yoo bands of equal intensity would be expected, /® 
while meridional substitution as in 13b would give three 
Yeo bands of unequal intensity. °° 
The aoe NMR spectrum indicates that two isomers are 


present in unequal amounts, with 13a the most likely 


ie 


formulation for the major isomer. The C chemical 
shifts are listed below (chemical shifts are for a CDCl. 
solution at -20°C, expressed in ppm, TMS = 0. J values 
refer to Jo_p) 5 ; 2OSi. lowed 
eric ayes 196.0 Jail Buz 
te Nici o-1oa 
= 190.0 
69.7 J=51.9Hz 
Oo 
| Re 202.1 ie 
= A J = 10.7 Rz 7 
Hae Re rz0zeul 
53.8 | Co : sua Plies 
135.3 PMe3 15.6 
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J=35.1Hz 
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The observation of three carbonyl resonances in the 
ratio 1:1:1 is only consistent with 13b. A choice 
DelLweenmlJamandelsc for the Structure of the major isomer 
can be made by comparison to 12, where the more sterically 
demanding PPh, group makes 12a the most reasonable struc- 
PUL me emiiecarcdmencetnumeOt lS canbe mesolved into 
the major and minor isomer components by asSigning the 


i 


three strong v bands at 2025, 1948 and 1911 cm ~~ to the 


CO 
facial isomer 13a. This spectrum is very similar to 
that of 12 which shows 3 Yao bands of equal intensity 


at 2022, 1949 and 1914 cm+. the remaining three v 


CO 
Bendoeinethesspectrum Of 135 9(2035 w, 1943 s, 1919 m) 
are asSigned to the meridional isomer 13b. 


These observations are consistent with the observed 


1h NWikespeecrum of 137 5(—/0°C, cD5Cl.) which shows two 
sets of signals for the two isomers. Integration of the 
PMe, signals gives a 13a:13b ratio of 88:12. The +H 


3 


NMR data are Summarized below (chemical shifts are in 


PpiecLon MS. = 0)% 
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The) Hi NMRespectra Of@both isomers of 13 are very 


Similars to thnatewor (n?-CH,)Re (CO) 4, with added complexity 
aque to coupling to PP. The spectrum of 13b should in 
principle show seven different signals for the cyclo- 
heptatrienyl group as was observed in the ae NMR spectrum. 
In fact, the chemical shift differences between the two 
Sides of the ring were not fully resolved, and only five 


Signals were observed. Some of the signals due to 13b 


may be obscured by the more intense signals due to 13a. 


In the a NMR eSpeG@era,sORebothel 2Z.and el3a ~etheresis 

a large coupling between Ho anda? Gass =PUGRHZ) te out 

no observable coupling from P to Hy 3° If the proposed 
, 


structures are correct, this large coupling is observed 
inethe+proten-tramsttocthese Ligand, iInsassigning the 


1 and H4 Signalstot «l3b;, theesignaleats6 3.5lehas 


Jip = 6.5 Hz and so is assigned to the proton trans 


to .the PMe, Group s4eeThe isignaliat.6. £4..09edoes anotashow 


S: 


Gesolvable.couplingsetoOeP + SOnLt LS .<assigqnedsto the 


proton cis tasthe PMe. group. 


3 
Both 12 and 13 show fluxional behaviour which has 
been investigated by 1H NMR at various temperatures, as 
discussed in Chapter VIII. 
inecontrast joes l2’, which showed no reaction with a 
Secondsequi valent sor PPh, compound 13 treacts readily 


with additional PMe, to give a disubstituted monohapto- 


3 
cycloheptatrienyl compound, 14 (eq. 13). 
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3 pan3 1 ) 
= = = R 
(n C5H7) Re (CO) ,PMe, —_—> (7-7 CoH e(CO) , (PMe,)., 


14 (13) 


Compound 14 Ccanvalso be prepared by the reaction of 


(1?-C_H.) Re (CO) , with an excess of PMe,- The 1 NMR 


spectrum of 14 is consistent with a monohapto formulation, 
This was confirmed by elemental analysis and mass spectro- 


Seopy. slew trated spectrum of 14) (cyclohexane Solution) 


1 


has three strong v bands at 2016, 1942 and 1893 cm 


(8) 


as well as two weaker bands at 2008 and 1925 em + (see 


Figure IX). 


1 


PiceeieNMhecpeGcterumn Orel Aeshows only one setron 


resonances (in. CGpDAGL benzene-d, or cyclohexane-d 


g&15: g )- 


v2 
The extra infrared bands are probably due to some 
isomerism in which isomer interconversion is rapid on 

the NMR time scale, but slow on the time scale of infrared 
Speeeroscopy. A tentative explanation for this could be 
the existence of rotomers about the Re-C. bond, as shown 
in 14a and 14b. 


O O 
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The reaction of (n°-C,H,) Re (CO) 4 with dmpe also 
affords a monohaptocycloheptatrienyl compound 
(7-n"-C{H,) Re (CO) 3 (dmpe) , (>) This compoundihas been 
fully characterized by mass spectroscopy, elemental 
analysis, Ty NMR and infrared spectroscopy. The infrared 
Speculumeisyvery Similar to that or 14." The solubility 
Ole oem Nexanewand other hydrocarbon solvents 1s’ very 
Timited, gwhale 14 1s slightly soluble. 

The stepwise conversion of the pentahapto compound 
8 tomahe monohapto 14 is analogous to the reaction 
reported by Casey and Jones in which (n°-C,H.) Re (CO) (NO) CH, 


was converted by two equivalents of PMe, to 


3 
(n1-C,.H_) Re (CO) (NO) (PMe,) CH, (eq m4) 
Oo 
C7 , 
: OC nea 
2PMe,; + aes =a “Re 
’ ~NO 
Me ¢ MezP% H’PMe; (14) 
Oo 
16 7 


This reaction was reversible and no intermediate 
monophosphine complex could be detected. In the formation 
Ofyl 4a (eg. 13), thevequilibrium liesotargro thesrigic 
(no free PMe, was detected in solutions of 14) andthe 


intermediate monosubstituted complex 13 is isolable. 


This is understandable since the trihapto coordination 
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mode of the cyclohepratrienyl group is quite stable. In 
the case of the cyclopentadienyl system, the presumed 
intermediate in the phosphine substitution reaction could 
be a compound containing a trihaptocyclopentadienyl group 
UPoomoted bene nitrosyl (16D). In e1lther case, loss 


of PMe, to regenerate starting material or reaction with 


c-7 Re, oo Ren, 


eNO \ 
Gis) Me ond PMe3 


further PMe, is apparently quite rapid. 


3 


Two possible mechanisms for the first step in the 


Conve Usi 018 )Ot slG0tO gly were suggested by Casey and 


Nonee a) the n?-CoH. Pa gandecomlogts hime tog Lorm an 
nt or n?-CeHe species; b) the nitrosyl ligand could bend 
to change the electron count of the rhenium center. Our 


results are on a somewhat different system, but they 
Clearly establish that a nitrosyl ligand aeenor, a general 


requirement for these reactions to proceed. 
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Section III. Manganese Compounds 


Since several new monohapto alkyls were obtained by 
phosphine addition reactions in rhenium systems, we next 
explored the extension of these reactions to manganese. 


Reaction of (n?-CH.) Mn (CO) , with PMe. affords the 


3 
trie procycl onepratrienyl complex 16. (eq. 15). 


(n°-C_{H,)Mn (CO) , 7 TP Me (15) 


—> (n°-C_,H,) Mn (CO) ,PMe 


s 3 


18 


Piewi ge rarede spectrum OL 8 auecyelohexanesscolution 
shows Yao Dana sectecO0GeS esl OA4u sc 11927 0m, de DL eGawe ee OOLAS 
oa This iS very Similar to the spectrum observed for 


Piesrhenium analogwla mindicating the spresence of facial 


and meridional isomers, shown below as 18a and 18b. 


O 
O 
C bs Cc 
_ | 
~Mn ~Mn 
| acs ™~PMe3 
PMe3 5 
18a 18b 


The mi NMR spectrum (CD,Clo, =J0°2C) Doe COmsuLS Gent 


with 18a as the major isomer. The spectrum is very 
Si LeretOntbiat Of od see LntLegration7Os et he PMe., Signals 
Civesmomcaclosocmoad lsbeot LO0:1. Since the amount .of 
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18b present is very small, the cycloheptatrienyl resonances 
EO oOeWerecenoteactected. "in the’ caseror* thearhentum 
enetOg to, Une load rat to swas 88%127=eAnotherditference 
between 13 and 16" becomes apparent when’ thegtemperature 
Ofetnce solution tostaised.. Tue PMe, Ssignalssque to 71a 
eapUmLoOeOLOdcenmanuecOalesce at Ca. —30°C, then Sharpen 
again to give a single doublet at room temperature. 


These results indicate that the barrier for 18a 7 18 


interconversion is lower than that for 13a 7 13b inter- 


Galverno CummmbOulelomande 18 aresfluxional;, with the metal 
moiety migrating around the cycloheptatrienyl ring via 
1,2 shifts. These results and the isomer interconversion 
process are examined in detail in Chapter VIII. 

Having established that phosphine addition reactions 
will proceed in a manganese system, we next attempted 
BOMSVNcNesiacragmanganese analog Of ll by the reaction 
with PMe,. The outcome of this 


4 3 


LedCtioOn er SeciOwleiik cd. Lo. 


we (n?-C,H.,) Mn (CO) 


yale he apie) poe ue, SSE Ps idee setts 
dal 4 3 25°C Tee 3 3 
(16) 
+editropy.. + [(PMe,)Mn (CO) ,]., 
As shown in eq. 16, this reaction does not follow the 
same course aS with the rhenium analog. One of the 
products, (n3-C7H,)Mn (CO) 3PMe,, demonstrates that PMe, 


displaces CO from the metal, which did not occur with 
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rhenium. . The dimeric products [(PMe3)Mn(CO) 4] 9 \etel vebihepale) ial 
probably form via the homolytic cleavage of a weak Mn-C o 


bond iin wan. wintermediate (7=-n2t 


-C4H7)Mn(CO) 4PMe3- 

Tnenones ob espectroscopically identifying this 
intermediate, the reaction was carried out at low 
Pemperc ture si neaneNMratuibe, (CDCl 5, —50°C to —10°C). The 


Starting material was consumed to give only ditropyl and 


[(PMe-)Mn (CO) ,] >. A trace of ( n-3C5H5) Mn( CO) 3PMe 3 was also 


* fazer 
° re 
ro x 
ee ~Mn PMe> + 
Mn 25°C | Se ° | co 


“ hk “oe. hexane M c 
Onc nO 5 “S O 
oO 
observed. The CO displacement reaction is evidently reduced 


at lower temperatures. 

The reaction of (n°-C7H7) Mn (CO) 3 with dmpe was 
investigated in the hope that the presence of a chelating 
phosphine ligand would increase the stability of the 
product. When the reaction was carried out in hexane at 
room temperature, infrared spectroscopic evidence for a 


trihapto intermediate was obtained (eq. 17). 
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At room temperature, this intermediate quickly decomposed to 
give ditropyl (identified by NMR) and an insoluble 
precipitate. 

When the reaction was repeated in an NMR tube (CD5Cl5 
solvent) at low temperature (-50°C) the identity of the 
intermediate was confirmed by observation in the li NMR 
spectrum of signals for a trihaptocycloheptatrienyl group, 
very Similar to the lu NMR SpecULumeOle | Om sOnmincreasang 
the temperature to -10°C, ditropyl was formed. There was no 
evidence for a monohaptocycloheptatrienyl species. 

Our attempts to prepare monohapto alkyls of manganese 
have not been successful, in contrast to the rhenium 
analogs. This is probably due to the lower Mn-C o bond 
strength for manganese compared to rhenium. When combined 
with the stabilization.of the. tropyl radical, the Mn-C o 
bond strength is lowered to the point that homolytic bond 
cleavage to give ditropyl and metal dimers is very rapid. 
The arguments advanced in Chapter II regarding the 
List abili tye of (7- nt-C4H>)Mn(CO)> apparently apply equally 


well to phosphine substituted derivatives. 
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Sectionielv ..heExperimental 


PMe3 was purchased from Strem Chemicals, Inc. PPh3 was 
purchased from Aldrich Chemical Co. The manganese and 
rhenium precursors were prepared by the methods described in 


Chapter 11. 
Preparation of (7-nt-CoH7) Re(CO) 4(PMe3) (11) 


(n°-C5H5) Re(CO) 4, (39 mg, .1 mmol) was dissolved in 20 
mL hexane. Poeaw etl, -ilemmol) was aaqded. “Arter 2h. 
Stirring, the solution was filtered and cooled to -78°C, 
Ge@ieaUMigsOCLange crystals Of Diem L05°C.” "Yield: #45 mg 
(97%). IR (cyclohexane, vog, cm7+) 2074 w, 1995 m, 1912 5, 
Bey eeTtl « ly NMR (cyclohexane-d)5, thay (Ca, act Ny Rew ish SNe tr 
Roemer 064 etznee eds (quart., 1H, Ho; Jae, = “dye. = 
Scat Bava) Gye Ie Wl Gini 924s be Hy 3)5 SeSKOE ee Piste Bee as Die meal 
PAR H3,4)> Anais meCaluc. LOT C1 4H, ¢ReEO4P: CR Oe sae ae 
Deo meee il aC pees oso ret, 23.59... “Mass @speclruin (a 68 ev, 
90°C) Mt, M*t-2c0, M*-3Co, M*-C7H7, C7H7* (base peak). The 
formation Of 11 was accelerated when an excess oO PMe. was 


used. 


Preparation of (n3-CjH7)Re(CO)3 PPhy 


2) 


(n°-C7H7) Re(CO)3, (150 mg, .41 mmol) was dissolved in 


TS mi CH5C1l>5. Pris (65 mg, -25 mmol) was added. After 8 h. 


os 


aaW end >it ele>lnenm. mefae movt berenaseg 

bans 2 sotem oa?f oD leotmed? doinvhlia owt besstorzeg 
. 
at 94 tr yf ieten ent va beteqes Sey Stoethoom® mutnods 
It setqedd 
(£1) (ah )) Sf trtyotp ad. 3@ BOs saqosd 
nad a) tm i i _ irs a lh EES eC 
, =) ‘ Yi , ‘ < a | an + * bas ~ 
’ b iT . > he | et r fi ) 
ifs { Ls npg « Si sxed dm 
j t=! 5 iki 2 fauiee oft ,paisaige 
pm dé f onevo pnisieoged 
2 Si , ie eS) AZ » (FV2) 
\ 
we’, - . Av >6 7 * 34 wir fe m Eel 
*% eo seh itl b (sh bo = gig th” | fame 
mt (Va 48 ut ‘ aké ' ) cist tae 5.8 
f < ' - 

q i i is Pay, pi 2% 4 | 34 iA ‘ pcr HS 
96° OL) fests ash oF tH Se .S sonuom OnE 
oat .taaaa seed) es ete ple" >, ae | ns=—"s , (> "*0e 


zeW pane RO S259%o ne eotw bosn1e le" 
















leinsmisaqae Wt aolsone 


Siew eit 


(i to aolisaqzo2 


16 25h 


Jie 


Stirring, the CHjCl» was removed under vacuum and the 
residue washed with 10 mL pentane at 0°C. The residue was 
extracted with 3 x 10 mL ether at room temperature. The 
combined extracts were filtered and reduced in volume to 10 
mL. An equal volume of pentane was added. A red 
prectpitateprormed. .Cooling. tor-10°%Cicomplleted 
esbystalligation ofathe product. .Assecond recrystallization 
from ether/pentane afforded 1280S  Pedanicrocrystats, gmp 98°C 


(dec). Yield: 60 mg (39%). IR (hexane, veg, emt) 2022, 


1949, 1914. 1H NMR (CD,Cl5, -40°C, 6) 2.05 (dt, 1H, Ho, 


SU pee loatz) Peatees (G/M 2hpeHyes) v4.40 (dd, 2H, Hs ¢), 
SV 4k AO FASE Ha 7)s Ns Fe nls “eke sities AU 1st es avert 


Calc. LOL CogHo7REO03P: Creo oO ett pee oe Ds Found: SA 
53.82? H,\3-95.5_A mass,spectrum could not be obtained. 
severalsattempts»gave,only a mass spectrum, for PPh3- 

When I? was starred in, CHjCle withsy excess) PPhe, forg 24 
h., no reaction was detected. The procedure reported here 
forg the preparationgofyl2 employspag deficiencysofePPhagan 


erder tosavoddetheddifficult separation) ofed2 feom@PPhoae 
Preparation of (yn -C7H7) Re (CO) ,PMe., 


( n?-C4H5) Re(CO)3, (72 mg, .2 mmol) was dissolved in 20 
Mie or hexanee gpMesy, (20 pl, s25mmol) was added. |) Afteng of. 


stirring at room temperature, infrared spectroscopy 
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indicated that ca. 20% starting material remained. The 
solution was filtered, reduced in volume to 10 mL, and 
CoOlecdmtOe-1U8C. Ameren precipitate was collected. The 
precipitate was recrystallized from 5 mL hexane by cooling 
LOBe ee cOmallOrcmionas oredanecdles, mpylll°C.. Yields 45 
mgu(52¢)e8 TR (hexane, veg, cm +) 2035 w, 2024 s, 1948 s, 
PJAom i elo la We olieess (SEG eadiscussion). Anal: Calc. for 
C13H,¢ReE03P: C, 35.67; H, 3.69. Found: C, 35.80; H, 

Bic onmmeMaccmecoectrumm( l6nev, 100°C)» Ms, M'—-CO, M’—-2CO. (pase 
Bese ieet 3c, Mi (CO PMey) CoHp’, CjH7). For +H and ~°C 


NMR spectral results, see discussion. 


Preparation of (7-nt-C5H7) Re( CO) 3( PMe3) 5 (a1 4) 


Method (a). (n?-C7H7)Re(CO)3, (72 mg, .2 mmol) was 
dissolved in 20 mL hexane to give a pale yellow solution. 
PMe3 (100 yl, 5x excess) was added. The solution turned red 
immediately. After 2 h., the colour of the solution was 
yellow. The solution was evaporated to a yellow residue 
which was dissolved in 15 mL hexane, filtered and cooled to 
~JoaCumeJ4ewase collected as iyellow needles; empw 92 4c: 

Yield: 94 mg (91%). IR (cyclohexane, vog, cm!) 2034 ww, 
2016 es, ee U0URwWi Lo ofa Salo 25S Wy) Lolee se liv NMR (CDoCl5, 
Zao.) ee iO un My m. 2tly H34), 5-26 (br°t, 2H, Ny 6), 2-06 (m, 


2H, Ho 5), 1.88 (quint, 1H, H7 3354_7 = Ais = 9 Hz})\; leo 
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(Tines of an HoPP'H§ system, 20H, PMe3). Anal: calc. for 
Cielo sReroOss eC sl 42; H, 4.91. Found: C, 37.32; H, 
4.96. Mass spectrum (70 ev, 70°C) Mt, Mt-Co, MT-PMe 3. 
Method (b). ( n3-C7H7) Re(CO) 3PMe3, Clisimo jes. U2Z5oemmNo] was 
dissolved in 5 mL hexane. PMe3 (5 ul, 2x excess) was 

added. After 2 h. at room temperature, the solution was 
Rulbeceredpands cooleduto )—-10°7 Ces Compound 14,5 (10 mg, 78%), was 
COollectedmby iiltration. The product is identical “to that 


obtained by method (a). 
Preparation of (7- nt-C5H>) Re(CO) 3 (dmpe) (15) 


(n?-C5H7) Re(CO)3, (36 mg, .1 mmol) was dissolved in 100 
muehnexane.s Dive (20 ul, ca. 7 2.mmol) was added. “After 6 h. 
stirring at room temperature, no starting material remained 
(IR) and a fine orange precipitate had formed. The solution 
was cooled to 5°C overnight, the supernatant was syringed 
off, and the product washed with 2 x 10 mL pentane. The 
product forms orange microcrystals, mp 130°C. Yield: 45 mg 
(88%). IR (hexane, vco, cm7+) 2016 s, 2009 w, 1949 s, 1932 
eo mo ee HNM Re GD5C15 71 :25°.C; 0)gs5 920 (meee ee we 
Sao (bret, 2H, 8H; ¢),45.10 (Ml, 2H; eho) gly VOM (Ore Ue pes 
Gutizica. 6H, PMe); 91-49 (d, 9d), -pp=.l0unz, oH ete) ye le 6— 
1.8 (v. complex mult., ca. 6H, P-CH2)- H7 was located 


at 61.70 by decoupling H) ,6 which causes a slight change in 
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apcomplex qgroup of signals.» Decoupling? at. .61.70).caused Hae 
to collapse to a doublet. The li NMR spectrum is simplified 
in benzene-d¢: Oyecre3 an mi, 62He H3,4)1 5°64 BM, ae, Ha 5), 
Scoe (DG a i2h Hiieees 45 (qui ntetye lHygas% 3 is = 8.8 
Hz), 0.76-0.86 (complex mult., 4H, P-CH>). Anal weECALC. ator 
C1 6H23REP 203: Ce CW Poon H, 4553. Found: Ge eu alUir iG 

A049. iass Speccrim~e (7/0 ev, 100°C) MT, Mu=2c0, M*-C 7H 


(base peak) C7H5* (also dmpe fragmentation). 


Preparation OF Mn (CO) 3PMe3(n°-C5H4) (18) 


(n?-C5H5) Mn (CO) 3, (6.6 mg, .028 mmol) was dissolved in 5 
mL hexane. PMG" a3 wis,s Cas) s03ammol) wasyadded. @he pale 
yellow colour of the starting material darkened to a red- 
Cnendesco Lou .aiters Sominutes. ea After: .4A5,min., .nirnared 
spectra show that no starting material remains. The solvent 
was pumped off to leave a red-orange crystalline residue. 
The residue was dissolved in 2 mL pentane, filtered and 
cooled) tom l0° Cin tomattondsd8 as shiny red needles, mp 
1082 Cone VYield: 95). Be Mgui(66%) .~¢ [Re(cyclohexanegan oy cm71) 
2006 s, 1944 s, 1937 m, 1918 w, 1901 s. 4 NMR (-70°C, 
CD5Cl5, $6) 5.74 (m, 2H, Hs 6)1 4-92 (dds 2Hy Hy ,7) Beevi65 (ty 
ZH edlieiag. 2dyriol =hels Juicy), ad P4o dts Gl Hy ei, pal oe) a. 9 
HZ) gugls 200 (dys 9H,. PMeigeecJyep sa 8o6{Hzdee Ane additional 


doublet signal due to the PMe3 group of the minor isomer is 
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observed at 61.50 (73,5 = 9.2 Hz). Integration of the two 
PMe3 Signals gives a ratio of ca. 100:1 for the major:minor 
isomers. Mass spectrum (16 ev, 75°C) Mt, Mt-—3CO (base 
peak), M*-(3CO + PMe3). Anal: calc. for C13H 16Mn03P: C, 


Si. 003eHy Se27."8 Found]® Gir 500083 /H;7*.5.24. 


Reaction of (n3-C7H7)Mn (CO) , with PMe., 


5.0 mg of (n?-CzH7)Mn(CO)4 were dissolved in 5 mL 
nexonee OL" OF PMe3 was added. All the starting material 
was consumed after two hours. The products are (n3- 
C7H7)Mn(CO)3PMe3 and a new species having 2 vag bands at 
1905 and 1950 cm7!. The solution was pumped dry, then 
SxtTracrea™= With orm cOla pentane. = This solution was 
te ttered andcooledVto* —10°C™ to give a yellow crystalline 
material. IR (hexane, “og, cm 71) 2034 w, 1946 s, 1905 m. 
1i NMR (CDC13, 252C )itanestofean Hg PP' Hg system at 61.60. 
Mass spectrum (14 ev, 85°C). Mn5(CO)5(PMe3)2°, 
Mn(CO),PMe37, Mn (CO) 4* (base peak). Insufficient material 
forhanaly sis: SThis! productedsmtentatively® identified as 
[(PMe3)Mn(CO)4]5- When this reaction was carried out in 


THF-d or CD5Cl5 in@aY sealed NMR@tubeMate=—10cC® tor—505C)% 


8 
products identified were ditropyl, (n?-C5HZ) Mn(CO)3PMe3 and 
[( PMe3)Mn(CO) 4] 2° There was no evidence for a 


monohaptocycloheptatrienyl manganese compound. Less 
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(n3-CjH)Mn(CO) 3PMe3 was formed at the lower temperatures. 
Reaction of (n?-C5H7) Mn (CO) 3 with dmpe 


(n°C7HZ)Mn(CO)3, (12 mg, .05 mmol) was dissolved in 10 
mi hexane to give a pale yellow solution. dmpe (10 ui, ca. 
-l mmol) was added. The solution rapidly turned red and a 
Cary -preca pata tel wormed. © Inirared tbandswtat’ 2007 (s,%.1944) ts, 
igsiem, 1903s cem71 for the product were very similar to the 
Spectrum observed for 16.0n further standing at room 
temperature, the amount of precipitate increased, the 
solution became colourless and no Veg bands were observed in 
the infrared spectrum. The supernatant was syringed off, 
evaporated to dryness, and taken up in CD5Cl5. The liv NMR 
spectrum shows ditropyl and dmpe. 

When this reaction was carried out in an NMR tube, 
(CD5Cl4, = 00°C) the identity of the intermediate species was 
confirmed by observation in the ly NMR spectrum of signals 
for a trihaptocycloheptatrienyl complex. The methyl and 
methylene regions of the spectrum were extremely complex. 
Onewarming tos—-l0°Gyithe trihapto intermediate =is@stowly 
consumed, and ditropyl was the only new product observed. 


There was no evidence for a monohapto species. 
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CHAPTERGLV. 


COMPOUNDS OF CHROMIUM, MOLYBDENUM AND TUNGSTEN 


Section I. Introduction 


The reaction of NaCpCr(CO)3 with the tropylium cation 
(eG um lOo\uWweca tl osoce . epOLted soy f.Os5 Fasner and *H.P; Pritz” in 
1958.29 


2NaCpCr(CO)3 + 2077 Bie LP COCTA CO) + ditropyl (18) 


3!2 
Apparently this was an attempt to prepare (n?-CoHe) Cr( n/— 
Cy lay aber. prepared by as quite different route®l), TO 
quote: F.6. Fischer?>:; "it was found that the great 
sensitivity of tropylium bromide to reduction, coupled with 
the strong reducing power of the carbonyl hydrides militated 
against success." 

tais reaction is actually a very convenrent method for 
the preparation of [CpCr(CO)3]5- A 1963 report in Inorganic 
Syntheses made use of the reaction of NaCpCr(CO)3 with 
trooyl ium bromide, or allyl chloride tosprepare) (CpGr (CO) a I> 
in 37% yield. 82 The failure of, these reactions stosyield 
stable alkyl compounds such as CpCr( CO) 3(7-nt-CH7) Or 
CpCc(.CO).(cqallyi )auus..pexhaps not surprising in view of the 


reported thermal instability of CpCr (CO) 3- CH,**, which is 


83 
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84. 


the only chromium alkyl of this type reported. 

In the classic paper of 1956 by Piper and Wilkinson?4, 
the reaction of the anions CpM (CO) 37 (Mae Crea MOp mW) awit 
methyl iodide was explored. CpMo( CO) 3-CH3 decomposes at 
124°C while CpW(CO)3-CH3; melts at 145°C. Both were prepared 
in 80% yield. In contrast, the Cr analog was characterized 
Only by infrared spectroscopy since the yield was only l- 
SeeAepUrii ication of CpCr(iCO),-CHz by vacuum distillation 
was subsequently reported by Wilkinson in 196383, Dilteri tes 
not clear that the compound was actually isolated. 

-CH., was isolated as 


5 S 
yellow crystals from the reaction of NaCpCr(CO)3 with Mel at 


Moremnuecent ly, CoCr (GO) 


-20°C in THF, followed by a pentane extraction workup and 
Crystallization sat -78°C.84 No melting point or analytical 
data were reported, but the compound seems to be a stable 
solid at room temperature, since it was employed in further 
reactions. 

Similar results have been reported for compounds of the 
type CpM(CO)3(o-allyl). For M = Cr, this compound is 
unknown, apparently due to thermal instability. For M = Mo, 
Green and Cousins have reported decomposition at 60°C and mp 
Ca. -5°C.85 For M = W, there is no reported decomposition 
temperature (mp DARO6°C) ec° 


These and other results indicate that the thermal and 
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85. 


Oxidative stability of alkyls of this type increases on 
descending the group (for further data, cf. the review by 
Barnett and Sloan87)., It seemed likely that the extension 
GimsLeaction, 16 3to Mo and W could yield stable alkyls of the 
type CpM(CO)3(7-nl-C7H7) 

In addition to the direct reactions of tropylium with 
metal carbonyl anions, indirect synthetic routes to 
monohaptocycloheptatrienyl alkyls have also been explored. 
These include decarbonylation reactions of acyl compounds 


and addition of PMe3 to trihaptocycloheptatrienyl compounds. 
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Section II. Reactions of Metal Carbonyl Anions with 


Tropylium 


The reactions of the anions CpM (CO) 37 (M = Mo, W) with 


tropylium tetraflouroborate were carried out at -78°C in THF 


(eqg.y 119) 
THF : 
-78*°C 
M = Mo, W 


In the case of tungsten, the potassium salt of the 
anion was also prepared and reacted with tropylium, with the 
same results. Yields of the dimers are 85% (W) and 86% 
(Mo). Separation of the more soluble ditropyl is readily 
accomplished by recrystallization from CH5Cl5/heptane since 
the metal dimers are only slightly soluble in hydrocarbon 
solvents. 

These reactions may have some synthetic utility. The 
first preparation of these Mo and W dimers was reported by 
Wilkinson in 1954, employing a high temperature vapor phase 
reaction of M(CO)¢ with cyclopentadiene, to give a yield of 
30% in both cases.88 an improved route (50% yield) to 
[CpMo(CO)3]2 involving oxidation of CpMo(CO)3-H was reported 
in 1963.82 According to Wrighton and coworkers, attempts to 


extend this procedure to the tungsten dimer gave yields of 
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only 10%.89 the best preparation currently available for 

the tungsten dimer is a two step method involving the 

thermal decomposition of CpW (CO) 3-( CHaC¢Hs5) (eq. 20) 

NaGpWwied) 4 NG, HaCHs=Bra>eCpWiiCO)q=(CHo@eHa)! «es—o—e 
EO 2C 


[CpW(CO) 3] + dibenzyl (20) 


An overall yield of >90% after a chromatographic workup was 
Claimed for, thts procedure. 8? 

Although it was not our intention to develop new 
synthetic methods for these dimers, it seems clear that the 
tropylium reactions provide a simple one-step preparation 
which is comparable in yield in the case of tungsten and 
superior in the case of molybdenum, to alternative routes 
currently available. 

The failure of these reactions to yield the desired 
alkyl compounds does not necessarily mean that such 
compounds are all inherently unstable. As mentioned in the 
introduction, there is also =the possibility .ofvelectron 
transfer from the anions to the tropylium cation to give 
radical species, followed by coupling to give the observed 
dimeric products. There is some potential for success if an 


indirect synthetic route could be employed. 
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DectiOnm Ll mend lrects oynthetic Routes 


Since the direct synthetic route had failed, the same 
approach initially used for the Re(CO), system was next 
employed. The formation of an acyl compound which could 


then be decarbonylated to a o alkyl was envisaged (eq. 21). 


0 
NaCpM(CO). + (<a ar cpu(co) CX) (21) 
O 


M = Mo, W 


In the case of CpMo(CO) 3-C-C4H5, the product is very 
unstable, decomposing rapidly to give [CpMo(CO)3] >, 
presumably via loss of CO to give the o alkyl, followed by 
NOMOhy.LiG cleavage, Of, the Mo-C oo bond (eq... 22). 


i z 
2CpMo( CO) 3-C-CzH, =252 » 2cpmo( co) 3-(7-nt-c7H7) —» 


[CpMo(CO)3]2 + ditropyl (22) 
rn 
The tungsten analog, CpW(CO)3-C-CjHZ (19), is more stable 
and can be isolated with some difficulty as a pale yellow 


crystalline solid, which has been fully characterized. 


e 8 
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The physical pas ae of 19 are similar to those 
reported for CpW (CO) 3-C-CH CH, which was described as a 
waxy orange solid, mp 5°C.99 fhe infrared spectrum of this 
material has only one acyl stretching band at 1640 em 
(CCl, solution). The infrared spectrum of 19 shows two acyl 
stretching bonds at 1643 and 1619 cm71 (see figure X). This 
is probably due to the existence of two rotamers with 
respect to the carbon-carbon bond in the acyl group, as was 
described in Chapter II for the compounds CoHy-b-M(CO) s 
(M=Mn,Re). A similar doubling of the acyl stretching mode 
was observed in CpW (CO) 4-C-CH=CHp, where frequencies of 1630 
and 1623 cm71 (Nujol) were reported. 2+ 

Theamasssspecerum Of 19 does not show a molecular 
ion. The highest observed m/e values correspond to MT-CO. 
The observation of this ion in the mass spectrometer is 
perhaps encouraging for the success of the photochemical 
decarbonylationpor) 19. 

The low temperature photochemical decarbonylation of 19 


Wass Carricd sOUtmInETHE ate—76-C (eq. 523). 
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CpW(CO) .(n?-CoHa), (20) and CPW (CO) 3H were formed in approx- 
imately equal amounts. The [CpW(CO) 3] 5 may be formed by 
homolytic cleavage of the metal-carbon o bond in the possible 
intermediate CpW(CO) ,(7-n"-C,H,); CpW(CO) 4H could be the 
result of hydrogen abstraction from the solvent by CPW (CO) ,° 
The results are consistent with, but do not require, the 
intermediacy of CpW(CO) 5 (7-n?-C_H.) as the first step in 
the decarbonylation reaction. This intermediate would be 
thermally or photochemically unstable. 

Another indirect route to monohaptocycloheptatrienyl 


alkyls of this group which has been explored is the hydride 
92 


abstraction method developed by Sweet and Graham. This 
reaction employs hydride abstraction by Care to form 
cationic metal complexes containing naee H, moieties. The - 


Ja 


acidity of cycloheptatriene is considerably enhanced by 
coordination to the metal, allowing ready deprotonation to 


Give a o alkyl (eq. 24). 


CpRe (CO) (NO) H Saeay 7” (CPRELEOD (80-7) IBF, 
CH.Cl 
Hoe (24) 


2°12 
Et_N 
le epRe (C0) (No) 
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The tungsten hydride (Me 5Cp)W(CO) 3-H was prepared by 
the method of King and Fronzaglia. 23 The proposed reaction 


is shown in eq. 24a 


Codie + - 
(Me-Cp)W(CO) ,-H Sen a esc RW(CO)., ] BP, 
CHCl. 


Infrared spectra indicated that a cation was formed, 
DiimalLempts sto eprecipitate the cation from CH 5Cl, by 
addition of ether or to deprotonate with triethylamine led 
to displacement of the coordinated cycloheptatriene. For 
reasons not yet clearly understood, the binding of 
cycloheptatriene to this metal center is quite weak. 

Another indirect approach to the problem was suggested 


by the success of the trihapto + monohapto conversion 


M4 


carried out using the reaction of PMe3 with (n3-C7H7)Re(CO)4 


(see Chapter III, section II). Recent results reported by 
Casey and coworkers suggested that such a hapticity 
reduction reaction might also be applicable to tungsten 


systems (eq. 25).94 


5 ul 
(n ~C.H.)W(CO) 5NO + 2PMe,——> (n -CcH_e)W(CO) , (NO) (PMe,) , 


(25) 
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The compound CpW (CO) (n3-C4H) (20), mentioned above as 
a by-product of the decarbonylation of 19 is structurally 
quite similar to the tungsten nitrosyl compound which was 
found by Casey to be quite reactive towards PMC.) thus the 


reaction of eq. 26 was planned as an indirect synthesis of 


the elusive monohapto alkyl. 


f 1PMe3 
Ms eae, 
4 (26) 
o Cc 
O 





The literature method for the preparation of compound 
POmgi ves Only a lG. ose yield latter a chromatographic 
workup. 23 It was found that this yield could be increased 
to 7is by the simple expedient of using a carefully prepared 
Salt of the cyclopentadienide anion (which was crystalline) 
rather than an in situ preparation of NaCp as employed 
previously (see experimental section for details). The 


reaction used is shown in eq. 27. 


(n/-C7H5)W(CO) oI + NaCp-monoglyme a alt 
ie (27) 
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When 20 was combined with excess PM€3 at room 
temperature ina variety of solvents (THF, benzene, hexane) 
there was no reaction detectable by infrared spectroscopy. 
Refluxing for 24 hours in hexane produced no reaction. 
Although this lack of reactivity toward EMeRwongthespart of 
20 is disappointing, it is very interesting in terms of the 
mechanism of these phosphine addition reactions. Casey has 
Shown thats thes mechanism of wthesPMe ss addiitiony in®the case o 
CpRe(CO)(NO)CH 7/7 and CpwW(CO)5N0?4 icstkassociatavel {aVece rat 
depends on [P] and [Substrate]). Since both of these 
compounds contain an NO group, it is tempting to postulate 
shift in nitrosyl bonding mode from linear to bent as a key 
part of the reaction mechanism. However, our results with 
Re and Mn compounds (see Chapter III) which do not contain 
NO groups indicated that the NO ligand is not required for 
phosphine addition to occur. A more likely explanation is 
that the metal center in CpW (CO) 5( n?-C5H>) is more electron 
rich than in CpW(CO) NO and thus less susceptible to attack 
by an entering nucleophile. This difference in electron 
density at the metal is perhaps best illustrated by a 
comparison of MCO stretching frequencies in the infrared 
spectra of the two compounds. The reported vco frequencies 
for CpW(CO)2NO are 2011 and 1934 cm71 (hexane solution).?° 


CpW(CO)>5(n3-CzjH7) exhibits a more complex infrared spectrum 
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Since the presence of two isomers gives a total of four Yoo 
Dandcmatel9O0,881 955,09 Us and 189] em71,96 In spite of this 
complication, it is clear that the CO stretching frequencies 
are observed at substantially higher frequencies in the 
tungsten nitrosyl compound, in accord with the greater 
reactivity of this compound towards PMe3- 

All the currently available synthetic routes for 
monohapto cycloheptatrienyl compounds have now been 
exhausted in our attempts to prepare Mo and W derivatives. 
Possibilities which remain unexplored include variations on 
the carbonyl anion reactions such as the use of 


CpwGco)> (PEt. )— anion.?/ This may form an alkyl 


3) 
CpW (CO) (PEt) (n°-C5H.) an whichethespresence of the phos— 
phine ligand should increase the thermal stability of the 
PLOduct. (This is a general observation in compounds of 


Ghiomt ype, Cl ret. Gr/..) 
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Section IV. Experimental 


W(CO)¢, [CpMo(CO)3] 2 and PMe3 were purchased from Strem 


Chemicals. Inc. 
DENS oR SSD ae eas it 


ASsolutcion Of] 10 mmol of NaCpMo(CO)3 in 100 mL THF was 
prepared from [CpMo(CO)3]j with excess 1% Na/Hg according to 
the method of Hayter. 28 After removal of the excess 
amalgam, the solution was filtered into a Schlenk tube and 
cooled to (-/8> C. CoHOBF (1.78 g, 10 mmol) was added over 2 
ieee tie wCOLOUL, OF the solution. Changed from straw yellow to 
Geep red immediately on addition of the first portion of 
CjH7BF,z- IR monitoring indicated that the dimer was the 
Only product. The THF was pumped off and the residue 
extracted with CH»jCl5- The product was recrystallized twice 
from Chacln/neptanesto give [CoMo(CO)4]5 «as wine-red 
crystals mp 205-210°C (1it.8® mp 215-217°C). Yield: 2.149 
(eco el te (Dexchc mao mciay). Looe) 19. (lit. we IR; son 


octane+1960, 1915). 
Preparation of NaCpW(CO) 3 


1.36 g NaCp (15.5 mmol) prepared from excess Na sand at 
room temperature in THF was dissolved in 300 mL THF with ll 
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pumped off and the excess W(CO)¢ was sublimed out onto a 
water cooled probe by warming the flask to 60°C. The 
residue is a slightly off-white solid which is quite air 


sensitive. 
Preparation of KCpW(CO) 3 


A sample wot) KCpawas prepared from 39lemg.(10immol) of K 
and 5 mL of cyclopentadiene in 50 mL dry ether at 0°C. When 
all the potassium metal had been consumed, the ether and 
excess cyclopentadiene were pumped off to give a white 
solid, «3.06.98 (bi mmol). of W(CO) ¢ was added, followed by 
BOOgmL THE SCeTher mixture «was refiluxedefor 120qh.. The THF 
was pumped off to give a pale yellow crystalline residue. 
The excess W(CO)¢ was sublimed out as before. The same 
reaction can be achieved in 12-24 hours in diglyme but the 
difficulty encountered in pumping off diglyme makes it 


necessary to use the resulting solution directly. 


O 


i 
Preparation of CpW(CO)3-C-C jH7 (19) 


1.2 g (3.4 mmol) of NaCpW(CO)3 was dissolved in 50 mL 
THF. Cafe Gi40.enby Ss J4.emmol): wasmaddedsgeAttem four 
hours stirring at room temperature, the THF was pumped off 
to give a dark brown residue which was extracted with 3 x 25 
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Overnight, then filtered again and cooled to -78°C for Cayeel 
hour. An orange precipitate forms. The supernatant was 
Syringed off. The precipitate oils on warming, but 
solidifies after a few minutes pumping. The precipitate was 
dissolved in 25 mL hexane, filtered and cooled slowly to 
-10°C over 24 hours. This procedure was repeated twice to 
ac LOL I gace yellow, crystals, mp 42°C. Yield: 410° mg 
(2/2)e Re (cyclohexane; Vea; cm7!) 2020 s, 1940 s, 1929 vs, 


1643 w, 1619 w. 1H NMR: (benzene-d;, 25°C, 6) 2.72 (t, 1H, 


3 
ee. 16) 3,4 


and Ome Jor AOC eee CO) Mass spectrum: (90°C, 316 ev) 


eet 2 ae ee (lye 2H yet 6606-0220 “(1l, 64h, H 
a + + o 

Me COye eae CO, Ma 3CO;-C5u7 (base peak). Anal.: calcd. 
Perea Were, 42.40; 1H, 2.65. sFound: ~C, 42.48; H, 


2a. 
Bootolysis yot 19 


30 mg of the acyl compound was dissolved in THF, 
transferred to a quartz irradiation vessel and the solution 
Cooled) tO, —/o C.s -The SOlUCIOnN WaS 1peadlatrcauwith a 2 400W 
Hanovia lamp. Infrared monitoring indicated that starting 
material was consumed and that the major product was 
[CpW(CO)3]5 (bands at 1953 and 1904 cm7!). photolysis was 
terminated after three hours and the THF was pumped off. 


The red residue was extracted with hexane, which left most 
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of the dimer undissolved. The infrared spectrum of the 


hexane extract indicated the presence of CpW( CO) 5(n?-c H 


qua) 


and CpW(CO)»-H.- Various attempts to carry out this 
irradiation in pyrex or in hydrocarbon solvents gave similar 


results. No evidence for CpW( CO) 3(n+-C5H>) was obtained. 


KCpW(CO)3 + C>H BF, 


10 mmol of KCpW(CO)3 in 150 mL THF was cooled to -78°C 
(some) white ppt. forms). 1.78 9 (10 mmol) of C4H BF, was 
added over wLoatin. whey solutionitinstantly turned dark 
red. Infrared monitoring indicated quantitative conversion 
toy [CpwW(CO)e))] 5. ee Atterone: hour istirrings at~-78°C, the 
solution was warmed to room temperature and the THF pumped 
off to give a red semi-crystalline residue. The residue was 
extracted with CH»jCl5 and recrystallized twice from 
eye 7 Ncptate = Vacdd. 92-01) 9 (058). IR (heptane;, ve; 
em71) 1960, 1912 (1it.89 1958, 1910 cm7+, iso-octane). 


Similar results were obtained using NaCpW(CO)3. 


Preparation of CpW( CO) 9(n3-C7H7) (20) 


(n/-C5H5)W(CO) 51 was prepared by the literature 
method. 23 OSe Gas GerZeiimnOl) OL (n/-C7H7)W(CO) 51 was dissolved 
in 10 mL THF. This solution was added to a solution of 75 


mg (.42 mmol) of NaCp-monoglyme (prepared by the method of 
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Mink9?) in 10 mL THF. The initially colourless NaCp 
solution turned bright red-orange instantly as the deep 
green solution of the iodide was added. An infrared 
spectrum taken after 5 min. showed no starting material 
remaining and two new bands at 1941 and 1871 cm7!, The THF 
was pumped off to leave an orange oily residue. The residue 
was extracted with 10 mL hexane. The solution was filtered 
ands*cOoled tof=7 89°C *toatford 46" nig*{ 7413)? of CpW( CO) 5( n?- 
Caz) as™*orarge ‘erystdais)* mp 235°C dec) (lit. 23 mo Ars 72Ic 
dec.). IR (hexane, vag, om+) 1966, 1955, 1907, 1891 
(lit.?3 infrared: 1967, 1958, 1908, 1892 cm71 
(cyclohexane)). Reference 93 gives a 16.5% yield of product 
iow ely AOtatterm chromavography .©™ Purer *product) 2 mp 23 7C 
was obtained by sublimation, but the recovery of sublimed 


product swas only casselog. 


Reaction of CpW(CO), (n°-c_H.) with PMe., 


CpW (CO) 5( n3-C7H7) was combined with excess (tenfold to 
hundredfold) PMe3 in THF, benzene or hexane. No reaction 
was detected by infrared spectroscopy after 24 hours at room 
temperature. Refluxing for 24 hours in hexane produced no 


reaction. 
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(Me 5Cp)W(CO)3H?3, (78 mg, .2 mmol) was dissolved in 20 
MNGmCHS Gl) TONGive aypaie yellow solution. The infrared 
spectrum showed two Veg bands at 2007 and 1910 cm71, 
Kgdicion -of CHI BF 4 (35a, ec IMO caused «thes solution "to 
turn deep red. Infrared spectra indicated that no starting 
material remained. There were 2 new vag bands at 2052 and 
1958 cm7t. The solution was divided into two Darts... feThe 
toes es voslewaomtheatcd with ca. 4 volumes of ether in an 
attempt to precipitate the cation. No precipitate formed. 
All solvent was removed under vacuum and the red crystalline 
residue was redissolved in CH,Clj. The infrared spectrum 
had 2 veg bands at 2042 and 1951 cm+. The second part of 
the solutionp was treated wi th’ *severall *drops of SEt,N-9 There 
was an immediate colour change to orange-red. The infrared 
spectrum showed 2 vcg bands at 2020 and 1918 cm +. A 
portion of this sample was evaporated and gave an orange red 
Gile which was dissolved: in CD4Cl5. ~The li NMR spectrum 
Bowed scvelale Lecandices. In =the Mer G@o tregionm=-and) tree 
C7Hg- There was no evidence for a monohapto- 


cycloheptatrienyl compound or for ditropyl formation. 
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CHAPTER V 


CYCLOHEPTATRIENYL COMPOUNDS OF IRON AND RUTHENIUM 


Sectioni-l. Introduction 


themtirstereactwlon Of am iron Ccarbony) anion with the 
tropylium cation was reported by Wilkinson and coworkers in 


195826 (eq. 28) 


cre Ah Gaeed § | 


NaHFe(CO) , oH. 


Brae eos erOpyl at erend( CO) (28) 


3 IZ 


(both in low yield) 


It is not clear what product was actually expected from this 
reaction, but a more recent report by Rosenblum and 
Ciappenel1il090 was clearly an attempt to prepare a 
monohaptocycloheptatrienyl alkyl of iron (eq. 29). 


ae CpFe( CO) ,(7-n'=C5H4) 


ETBPC 





NaCpFe(CO) 5 + ClHIBF, 


“ [CpFe (CO) 4] 5 + ditropyl 
29) 


The compound, which was thought to be CpFe (CO). (7-n"-C,H,), 


was obtained in only 4% yield. The major products of the 


reaction are ditropyl and [CpFe(CO).].- 
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LOST. 


Further Sexammnation “Of ‘the properties of compound 20 
led to reformulation as CpFe(CO) (n?-C5H4), which presumably 
arises from decarbonylation of a dicarbonyl intermediate. 
Thrsobservation windireates that the “synthesis "of *a 
monohaptocycloheptatrienyl compound of iron might be 
possible if “decarbonylation to a trihapto species’ could be 
Peoven ved, = eiiretic presente worn, tie reactron Ol Nacpre(CO) > 
with CjHZBF, has been reinvestigated. 

The reaction of CpFe(diphos)Br with magnesium to give 
CpFe(diphos)MgBr was reported by Felkin in 1974, 1092 
Reactions of this material with alkyl halides were 
subsequently reported to give alkyls of the type 
CpFe (diphos)R. 19 A possible route to a monohapto alkyl is 
shown in eq. 30. Formation of a trihapto species would be 


unlikely in this case. 


Sobe (dynos) MGBE a CHOBE, > CpFe (diphos)(7-n?-c H 


ieee ‘hope ae 


Reactions of carbonyl anions of ruthenium have also 
been explored and will be described in this chapter. The 
reaction of KCpRu(CO)5, NaCpRu(CO)5 and KMesCpRu(CO) 9 with 
tropylium gives results which shed light on the mechanism of 
the reaction of metal carbonyl anions, particularly with 


respect to the involvement of radicals as intermediates. 
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104. 


Alkyls of the type CpM(CO)(PR3)(R) (M = Fe, Ru) have a 
pseudo-tetrahedral metal center with four different 
ligands. Compounds of this type exist as two different 
enantiomers. Synthesis of monohaptocycloheptatrienyl 
derivatives of these metal centers would allow the 
stereochemistry of the metal center during the course of the 
metal migration to be investigated. Synthetic routes to 


compounds of this type are discussed in Section IV. 
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Section, ll slrone compounds 


The reaction of CpFe (diphos)MgBr193 with CjH7BFy at 


10S" 


SOs mie lin Javemonly di tropy. and CpFe{diphnos)Br (eq. 31). 


: THE ; : 
CpFe(diphos)MgBr + CoHOBF , oe Gore(alphnos) Brat daitropys 
-78°C 

(roe) 


This outcome indicated that even in a system where 


decarbonylation cannot occur, the monohapto alkyl species is 


DuovablyannStable. es hls Lesult. 1S in contrast’ to’ the 
stability of the closely related benzyl derivative of this 
iron system, CpFe (diphos)-CH»Ph19, possibly due to metal- 
carbon bond weakening caused by the stability of the tropyl 
radical. 

The reaction of NaCpFe(CO)5 with C7HIBFy, was 
reinvestigated. In our hands, the only products of this 
reaction were ditropyl and [CpFe(CO)5]5 (eq. 32). 


NaCpFe(CO), + C)H_BF Le = [CpFe(CO),] 


tdi tropy les ( 32) 
gt gece 73 0c 


2 


There was no evidence for the formation of CpFe(CO)(n3- 


C7H7)- Variations of this reaction were also attempted. 


201 | vor | 
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106. 


KCpFe(CO)> and KMesCpFe(CO), were reacted with CjH7BF4 in 
Tiieate 7 Oo. C, a Wwilthetches same results. The failure of these 
reactions to give any CpFe (CO) ( n3-C7HI) or (Me 5Cp) Fe (CO) (n?- 
Cee -CmUsmcOminvestigate the exact) experimental 
conditions used in the published preparation. Perusal of 
the Ph.D. thesis of D.J. Ciappenelli showed that the best 
yield of CpFe (CO) ( n3-C5H7) obtained in a large number of 
experiments was 43.194 tt is also noted in this thesis that 
when the CpFe(CO) 9” anion was prepared from 
ecu stallized [CpFe(CO)5]5, the reaction with C7H7BF4y 
failed to give any SeketcONa —Co Hau. When crude dimer 
was used, low yields of the trihapto species were 
obtained. We conclude that an unknown species in the 
impure dimer starting material is essential to success in 
tis ereaction, soOmtham our faigsure to reproduce the reported 
results isanot sllrprising. 

The indirect approach using an acyl intermediate which 
was successful for rhenium was next attempted. The reaction 


iI 
of NaCpFe(CO)5 with CjH7-C-Cl gives an acyl species (eq. 


53 Jes 
O 
Ti THE il 
NaCpFe(CO)., + C.H{-C-Cl ——-—» CpFe (CO) .-C-CH. (4333) 
2 te _~780¢ 
fal, 


Infrared spectra of the reaction solution showed two 
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terminal vag bands at 2020 and 1956 cm71+ and a less intense 
acyl band at 1652 em71, Attempts to work up the mixture led 
to complete decomposition to [CpFe(CO)9]9- Reduction in 
volume of the solution under vacuum at -78°C caused rapid 
decomposition. seThes instability of ,21 is in marked eontrast 
to the high thermal stability of other CpFe (CO) 5-C-R 
compounds. For example, CpFe (CO) 9-C-CH3 can be sublimed at 
70-90°C (0.3 mm) and recovered unchanged. 106 The 

decarbony. vation, Ofs 2lomay be proceeding via a chelating acyl 
intermediate, as suggested by Whitesides and Budnik for 
C5H4-C-Mn(CO) 535 (see Chapter II). A possible reaction 


Sequence sforsdecomposition Of 21 1s shown in ¢€q. 34. 


= 
+CO 
2la 
The Yeo frequencies of 21 do not suggest unusual 


Tapilityeot the COlligands. However, tieunacesOtschc 


reverse reaction (k_,) could be substantially reduced by the 


Tod 
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formation of 2la, which is coordinatively saturated. The 
C-C bond broken in the second step (k,) is a relatively weak 
bond, so ko is probably greater than the rates for normal 
alkyl migration reactions. Since the o bonded alkyl is 
probably very unstable, k3 is large and dimer formation 
would be rapid. The overall rate of the reaction under 
these conditions (k, >> k_,) is determined by the rate of 
Fiera leCOseLoss (k)). A possible explanation for the 
thetmaiminstabilitysOLezi consistent with this scheme is 
that CO loss is accelerated by the coordination of the 


double bond to the metal during the formation of 2la. 


In an attempt to prepare a more stable acyl derivative, 
tne pentamechylcyclopentadiene analog of 21 was prepared 


(Cem 5)". 


O 
Il | 
KMe-CpFe (CO) 5 + CoH {C-Cl —— nescpre (co) ,-{ } (B5) 


Ze 


Compound 22 was isolated with some difficulty. It is a pale 
yellow crystalline solid which gave satisfactory elemental 
analysis and spectroscopic data (see experimental 

section). Like the cyclopentadienyl analog 21, compound 22 
is unstable towards decarbonylation, decomposing rapidly in 
solution to give [(MesCp)Fe(CO) 9)9 and ditropyl. This 
reaction occurs slowly even at -78°C, as indicated by the 


colour of the reaction mixture and monitoring by infrared 
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spectroscopy. When the acyl chloride is added to the 
solution of K(Mee Gr) Fe(CO)>, the red colour of the anion is 
discharged and replaced by the pale yellow colour of the 
acyl 22. On pumping at -78°C, the yellow colour darkens to 
Pedro eCestOm OLMatn One OF [Me5CpFe(CO)5]5, which ultimately 
is also observable by infrared spectroscopy. 

PreAd ia biongOle ceo tea 3° Cain pentanesorein’ PHP egaye 
only [Me.CpFe(CO) 919 and ditropyl. There was no evidence 
EO Me ,CpFe(CO)(n?-C5H4), a compound similar to the 
previously reported CpFe(CO)( n3-CjH4). This result 
indicates that Me «CpFe(CO) 9(7-n+-C7H7), the presumed 
intermediate in the photolysis, has such low stability that 
its lifetime is too short to allow further decarbonylation 
before homolytic cleavage with dimer formation occurs. 

Although quantitative data on Fe-C o bond strengths is 
not available, the results obtained indicate that such bonds 
are not strong enough to overcome the stabilization of the 
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Section III. Ruthenium Compounds 


Since the iron compounds that we had intended to 
prepare seemed to be very unstable, the analogous ruthenium 
species were chosen as the next synthetic objective. In 
Marked CONtract tOmunesitonacase, the reactionior KCpRu( CO) 9 
Or NaCpRu(CO)5 with C7H7BFy gives quantitative formation of 


a monohaptocycloheptatrienyl compound (eq. 36) 


CHH BF, 
MCpRu (CO) 5 eS CpRu (CO) 5 (36) 
=—).0.° GC 
el 
M= K, Na 


Infrared monitoring of the reaction shows quantitative 
Porc eonmOte2smasce Higure XI) lsolated yields were —50- 
70%. Compound 23 is extremely soluble in hydrocarbons, so 
Complete. Covystallizgation "is difficult, evenwae 78°C: 
Thewicl inst doula GyeOrl 231s salso sa problem, “leading “to 
continuous production of [CpRu(CO)9]5 and ditropyl. 
Quantitative measurements have not been made, but 
qualitative observations indicate that 23 is slightly) less 
thermally stable than (7-n1-C7H7)Re(CO)5. A half-life of 
(Cave J Oe hweat ambient temperature in Ce6De was observed for 
Yor. 


The 1H NMR Spectrum Of 23 shows a triplet for Howat 6 
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4.02 (see Figure XII). The value for Nhs 1597.8 Hzt 
indicating that conformer 23a predominates in solution (see 
Chapter 11 for a complete discussion ofthe structural 


eMOULCaL1OnS eOL stiismcOupling constant). 


Oc. 

C-- H 
4 0C 4 : 
3(\s 6474 3¢\5 6 A 
3 ; 2 1 5 

23a 23b 


The intrayed =spectrunmOmeeomgin cyclohexane solution 
shows 2 vVcg bands at 2013 and 1957 om7t (see Figure XIII), 
Sitiitar to those of CpRu(CO)5Me (2028, 1960 om7? in 
eon ee Glosermexamuiayion sor the spectrumeoree3unevealsma 
shoulder on the lower frequency band. This feature is real 
and not due to an impurity since the position and intensity 
of this peak are unaffected by repeated recrystallization. 

A possible explanation for this phenomenon is the existence 
GE rotational isomérsswith respect to .thesRu-Cy bond. The 
two rotamers are represented schematically as 23c and 23d. 


An example of such isomerism causing extra bands in an 
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infrared spectrum is provided by the closely related alkyl 
compound (1? -CeHs) Ru( CO) 9(n -CeHs) , which has four vo 
bands at 2030, 2023, 1976 and 1969 cm~+ (cyclohexane 
solution).198 tn this example, a constant difference of 7 
wavenumbers is observed between the band positions of the 
EWORMLOLOMELS. § This situation does not always prevail’, and 
unequal splittings of the high and low energy bonds have 
been observed in compounds of the type CpFe (CO) 5- 
SnCloPh.29? It) ay Cheselows cnersyebandg splitting gsica. 2-3 
wavenumbers, while the high energy band is unaffected, 
ind leatingaa Spl ittungmote:lessst "apres ren we vemumMber, 

Further cont immation,. Ofte thes monohaptomcoords ha tion of 
the cycloheptatrienyl group is provided by the mass spectrum 
Ole symawolch exhibles aamolecular, longenvelopesmatamn ee 308— 


Slipwitheas pattern Of intensities consistent with the 
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composition C,4H,] Ru0,. Peaks due to M*-2CO and C7H,* are 
arco" Opserved. 

Compound 23 exhibits remarkable fluxional behaviour, 
with the metal moiety migrating around the ring by both 
Civypz)@'and {1 7434 shvits.-5 These tresul ts. taretidiscussedrin 
Chapter Vier. 

A similar reaction of KMe 5CpRu(CO)5 with C7H7BFy 
affords, a low yield (8%) of Me 5 CpRu( CO) 9 (7-nt-C7H7) (eq. 
Bi yr. 


KMe CpRu(CO) , + CHOBF, ee Me=CoRu( CO) 


5 5 jag se H 
ase 


2! 7a 


[Me .CpRu (CO) }. + ditropyl 


eee 


(37>) 


Compound 924 has, been fully characterized by NMR, 
infrared, mass spectroscopy and elemental analysis. 
interestingly, they intrared spectrum of 24 shows sonly 
two yoo bands at 1997 and 1944 cm71! (cyclohexane). There is 
no evidence for the presence of more than one rotational 
isomer. This is probably the result of the steric bulk of 
the pentamethylcyclopentadienyl group, which renders only 
one rotamer (perhaps analogous to 23d) energetically 


accessible. 
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The ly NMR spectrum COre-Omeilsevervesimilar to’ that of 
the cyclopentadienyl analog 23, but there are also some 
interesting differences. The Hj resonance is found at 6 
3.04, which is ca. 1 ppm upfield from the position of the H7 
resonance in 923% This is’ consistent with the electron 
donating ability of the five methyl groups in 24 causing 


greater shielding of H>7. Slight differences in the geometry 
of the seven-membered ring are indicated by the value of 
et =o0/ ay Het ORe2A wand the resolution \of 455_4 = Tig) 
Here vee Cave a ssimeslemtripletwith Saas =E) OH ZeeaAnd 


* dioha was not resolved. 
An improved=yield “of 24 was achiéved by an indirect 


Bouce. (6G. 130 )% 
NaBH CoH SBE 


4 eo aead 
Me,CpRu (CO) ,-Cl Seem  CORU CO) aH le aan 
THE Dames 2 
(38) 
Et.NH 
megcoraico),& ]BF, rs 
ays 


SsevatatJonm OL e24 trom large) quantities OL sditropylajwas 
avoided by using this preparative route. As discussed in 
Chapter IV, hydride abstraction by tropylium followed by 
deprotonation of the intermediate cycloheptatriene cation 
was employed by Sweet and Graham to prepare CpRe(CO)(NO)(7- 
We-CaH4). >= The same method has been employed by Graham and 
Hoyano to prepare osmium analogs Ore suandee4 5° LG hos 


Gase the yield) of 24 was 19% (based on Me,CpRu(CO).C1). 
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Section IV. Mechanistic Considerations 


It is instructive to consider the reason for the poor 
VielumoOtec4 eine thes reaction OF KMesCpRu(CO)9 with C7HIBFy,- 
Monitoring of this reaction by infrared spectroscopy showed 
substantial formation of [Me5CpRu(CO)9]9, (ca- 50%) along 
with 24. The amount of dimer formed may actually be higher, 
Since its low solubility in cold THF will cause some of the 
dimer to precipitate from solution. The actual isolated 
yield of 24 was reduced by the necessity for multiple 
rectystaliization to separate 24 from the large amount of 
ditropyl which is formed. 

This result contrasts sharply with the nearly 
aaivheaciverOrmatLOnsor alkyl 23 which was sobserved in (the 
BeactLonmo. KCpRu(CO)5 with C7H7BFy (see Figure XI). 
Although quantitative results have not been obtained, 
Gualbitativye Observatlons indicate that) 23 and) 24° have 
Similar thermal stabilities, so the difference in the course 
of these reactions must be otherwise explained. 

Ee should be pointed out that all sthesisolable 
monohaptocycloheptatrienyl compounds that are discussed in 
this thesis are spiky Rianne Stab lee eee pEOUUC Lomo. 
thermodynamic equilibrium are ditropyl and M-M dimer. All 
isolable compounds depend for their limited stability on a 


low rate of M-C bond homolysis. 
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BEG: 


The mechanism of the reaction of metal carbonyl anions 
with the tropylium cation is not entirely understood. San 
Fillipo and Krusic have shown that the reaction of 
NaCpFe(CO) 59 with the more reactive alkyl halides proceeds 
Viasaemixture Of SN2 substitution and electron transfer to 
give radicals, which then combine to give metal 
alkyls.til,1ll2 

MSethevcase ofMreactions with tropylium cation; a*wide 
variety of metal carbonyl anions including NaCpFe(CO)5, 
NaMn(CO)5, NaCpMo(CO)3 and NaCo(CO)4 were found to give rise 
to “tropyl radicals (detected by ESR spectroscopy). These 
Gbservationsiscounld *notebel quantita ea; so “the Yrelative 
importance of SN2 versus electron transfer reaction is not 
known @e"Asfunthereuncertainty “in®the interpretation of "these 
results arises when the instability of the expected alkyl 
products is considered. The observed tropyl radicals may 
arise from rapid homolytic cleavage of very unstable M-(7- 
nt =C5H4) alkyls. The reaction of Na€pre( 0), under the same 
conditions with benzyl bromide and allyl bromide gave rise 
to strong spectra of benzyl and allyl radicals, 
respectively. In these reactions, the iron alkyl products 
formed are known to be stable, so the observed radicals must 
be the product of an electron transfer from ‘the ‘carbonyl 


andon@s Since thenzylMbromidemisitess readply sreduced* than 
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tropylium cationll3, the tropyl radicals observed in the ESR 
experiments are probably the result of electron transfer. 
Again, it must be emphasized that the relative importance of 
this pathway compared to the direct substitution reaction is 
not known. 

The infrared spectrum of KCpRu(CO)5 in THF consists of 
twO vco bands at 1895 and 1811 cm7!, The spectrum of the 
sodium analog is similar, with two bands at 1905 and 1824 
cm-l. Some difference in anion-cation interaction is 
indicated, but the difference between these two salts does 
not seem to affect the outcome of their reaction with 
CHEE pci nCesbOunmwaremconverted quantitatively to the 
alkyl 23. Themitrenared spectrum of EMecCpRui CO) > ieee Ls 
more complex, with four wo bandsSweat 7is76, ./92, 13000) and 
1768 cm71, Similar observation of more than the two veo 
bands sexpected in the case Of NaCpre(CO)>, INeCONnJUNCLION 
with other data, was interpreted in terms of tight ion pairs 
and solvent separated ion pairs. 114 

Two explanations for the different reactivities of 
these two ruthenium carbonyl anions are possible. If the 
reaction with tropylium cation is predominantly a 
Substieueion) reaction, the 10n pairing inadicatedwpy i1ntrared 
Spectroscopy. in solutions of KMesCpRu(CO) > may. reduce. the 


ratesot this. substitution, reaction... Thes large: amounts of 
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ditropyl and dimer could be formed from radicals generated 


by electron transfer. 


both reactions occur primarily by electron 


Viawintetal=rormationoLrwa *solvent'*caged’ trad iucale pair: 


efficient productive radical recombination 
cage and “greater durifusion! out of theltcage 
the lowltyvel dhoimra4y. 


summarized “in Scheme’ I. 


An alternative explanation is that 


transfer, perhaps 
Less 
in this solvent 


could account “for 


These possible reactions are 


SCHEME I : = 
Meet: CH aie ie ag AE CHO 
wee 
SN2 | y en | Kp 
i 
M fs eo) ea 
<—__—— 
——— Me 
k ee | 
H 
da tropy. a= dimer 
Kp = rate of diffusion out of the solvent cage to give free 
radicals. 
Weeeecate Of productive ‘combination in) the solvent) cage. 
Reeaeenate, OL M-C@bond homolysis to give gradicals »inga 
solvent cage. 
Kk, = rate of productive combination of free radicals. 
Kom slates Or homolysis to free radicals. 
There is no evidence to decide which of these pathways 

is predominant, but two facts are clear from a consideration 


ee 

be 
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Of this scheme: 


1) 


zy 


the large amounts of ditropyl and dimer observed in 
the reaction of KMesCpRu(CO)> with C7H7BFy4 are not 
explicable in terms of an exclusive SN2 reaction. 

any alkyl M-(7-nl-c7H7) which is isolable, should be 
obtainable by the direct reaction of the appropriate 
metal carbonyl anion with tropylium. If this reaction 
fails, indirect methods are unlikely to succeed, since 


ky (or ky) is probably quite large, due to low metal- 


carbon bond strength. 
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Section V. Preparation of Monohaptocycloheptatrienyl Alkyls 
With Asymmetric Metal Centers 


In order to investigate the stereochemistry of the 
metal migrations observed in the monohaptocycloheptatrienyl 
alkyl compounds, a probe of optical activity at the metal 
center is required. A compound of this type has been 


reported by Sweet and Graham?¢ (eekehs SiR) 


Re Si sha ae Re q — 
CHOC1 ws oA 39 
oc” | “H A ere PS | re 
N N N 
O O O 
BF, © 


This compound shows excellent thermal and oxidative 
Sap Pia ly wee LOmtUunatelLy, lt) exhibits sno fluxional 
behaviour, even at elevated temperatures. 

In view of the established stability of the alkyls of 
ruthenium described in the previous section and the pseudo- 
tetrahedral nature of the metal center, compounds of the 
type CpRu(CO)(P) (7=nl-c 7H) were Our initial synthetic 
objective (P = PMe3 or PMe>Ph). 

Since we were successful in converting trihapto rhenium 
complexes to monohapto alkyls using PMe3 (as described in 
Chapter III), the reaction scheme outlined in eq. 40 


extending this reaction to ruthenium seems reasonable. 
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Compound 25 was prepared by photochemical or Me 3NO 
induced decarbonylation of 23, and was fully characterized 
by infrared, NMR, mass spectroscopy and elemental 
analysis. The infrared spectrum exhibits only one vco band 
at 1971 cm71 (cyclohexane). The reported infrared spectrum 
of CpFe (CO) ( n3=C5H,) consists of a single Yoo band at 1959 
em71 (cyclohexane). 191 

Both the iron and ruthenium compounds could exist as two 
conformational isomers. Such isomerism has been reported for 
CpFe (CO) (n3-C3H5) 415 and cpRu(Cco)(n3-C3H5)44 which both have 
two vcg absorptions in their infrared spectra and two sets 


of 1H NMR resonances. The two isomers involved differ only 


in orientation of the allyl groups. 
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For M = Fe, the equilibrium between these two isomers 
has been studied for the simple allyl compound and a variety 
of substituted derivatives./15 In all cases studied, the 
"exo" isomer is more stable. From steric considerations, 


the most likely structure of 25 is the exo isomer: 


The +H NMR spectrum (-20°C, THF-d,) of 25 shows only one 
Cp resonance and the four resonances expected for the 
trihaptocycloheptatrienyl group (see experimental section 
EOreCc tal ls)i.g eGOMpPOUNGm2co iS Lluxionaljewi the the amecal 
group migrating around the ring via (1,2) shifts. This 
process is discussed in more detail in Chapter VIII. 

When compound 25 was combined with excess PMe3 in 
hexane, no reaction was observed, even after 24 hours 
refluxing in hexane. This result is in marked contrast to 


the ready reactivity of compounds such as (n3-C5H7) Re(CO) 4, 
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which are easily converted to the monohapto species. 

The next synthetic route explored was to approach the 
problem via a substituted hydride. The reaction of 
G@pRu (CO) gubiewisth IPRhs eto” give CpRu(CO) (PPh,) -H was reported 
by Knox and Humphries in 1975.116, When a similar reaction 
was carried out using PMe3, an analogous monocarbonyl 


hydride was obtained (eq. 41). 


CpRu ( CO) 97H + PMe 3 > CpRu( CO) PMe ,-H (54.14) 
26 
This hydride has been fully characterized. In the infrared 


spectrum of a cyclohexane solution of 26, a single wo at 
1931 cm7+ with a shoulder atyca. @1940 cm71 was observed. 
The reported infrared spectrum of CpRu (CO) PPh3-H (hexane 
Solut tompeconsistswpot vagsingde abroad: wpeakwaty 1937 cmat.21° 
The shoulder at 1940 cm71+ in the Spectrummom 2oepensusts 
abtenerecrys talibizationvon subhimationwofe@the eproduct.. grhis 
feature was ultimately identified as the Ru-H stretch by the 


1 in the Raman 


obsenvation cofeaystrong ibond, ati 11943%cm>% 
Spectrum Of—e26. ~ 
When 26 was reacted with C7H7BFy, hydride abstraction 


occurred to give a n@-C7Hg Cation edie (6G se42). 
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oi CHCl. 4 
+ “_ 
eR CO) eMart Co ie] BP (42) 


Cation formation was indicated by the appearance of a 

new vcg band at 1997 em, Attempts to isolate this cation 
by precipitation with ether led to displacement of 
Cyc1Omeptatriene. = eWhen a concentrated solution of 27 fin 
CD5Cl5 (ca. 100 mg/mL) was stored at -78°C for 7 days, a 
yellow precipitate was deposited. ly NMR spectra of the 
Supernatant showed increased amounts of free CjHg. Analysis 
(C,H) of the precipitate was not consistent with the 
formulation of 27. Free C4jHg could arise by formation of a 
BF 4 complex, CpRu( CO) (PMe3) BFy. The carbon content of the 
precipitate was intermediate between the value expected for 
Pomeahamtnes value ncalculated for CpRu(CO)( PMe3) BF, (see 
Experimental section). 

BUDDCO Rte LOmeliemuroposed (structure Sole 27 sis provided py. 
the IH NMR spectrum (see Figure XIV). There are two 
Singlets of equal intensity due to (n?-C5Hs) groups at 6§ 
S295 nandeosese2 ppm. “Similarly, two doublets *due Co  PMe3 
CEOUuUOSmare Opsenved lati ).716 and 21.598" pom (20 a PO re clas 
LO 4 0HZ, Precect Ite oe The sixteen signals expected for 
the cycloheptatriene protons of the two diastereomers 27a 


and 27b were not completely resolved . Only nine signals 
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FIGURE 


XIV. 
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PPM (TMS 


H NMR spectrum of 


CD,Cl. (* = free C 



































CpRu (CO) (PMe,) (1,2-n*-C7Hg) , 


7Hg) - 


LZ8e 





20 


were observed.* Two more (Hg and Hg:) were located 








27a 27b 


underneath the PMe3 Signals be decoupling experiments. 
Other signals are obscured by coincidental overlap and small 
diastereotopic shifts. The assignments shown in the figure 
are based on eleven decoupling experiments. The NMR 
Seco eLuueCiee si SmoimMit are tO that reported iby ssweet (for 
CpRe(CO)(NO)( n*-C7Hg) BF4.+17 

RELeEMPpESmtOndeprotonate 2/ witha variety Ol@bases@did 
not afford an alkyl compound. Instead, free 
cycloheptatriene was formed (detected by ly NMR). 

The phosphine substituted alkyl derivatives were 
ultimately obtained by a simple thermal substitution 


reaction of the dicarbonyl compound 23 (eq. 43). 


Only one enantiomer of each diastereomer is shown. 
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CpRu (CO) Ne CORN CO) oan) (43) 
vs 0 3 
Conec 
23 PMe 28 
hove. 2 os 
Compound 28 was identified by a single Veg band at 1920 
cm-l, This phosphine substitution reaction does not proceed 


via a trihapto intermediate since it has been shown that 
CpRu( CO) (n?=C7H7) does not react with PMe3 under similar 
conditions. 

Similar results were obtained when PMe»4Ph was employed, 
to afford CpRu(CO)(PMe5Ph)(7-nt-CjH5) (29). Both 28 and 29 
exnibit diastereotopic shifts of the CH 7 ring protons in 
the ly nmR Spectra (nemmethyl, groups of the PMe5Ph ligand 
iGeiceacewalsO; Olastereoropic. (The partial 400 MHz li NMR 
Spec trums Of 29 (cyclohexane-d}) >) is shown ingeigure XV. The 
olefinic protons were assigned by decoupling experiments. 
The -aAssignme nt wor. Ma. ore. isSarbitraryymbuti_once this 
choice is made, all other assignments are sequential around 
the ring. The magnitude of the chemical shift differences 
between diastereotopic proton pairs in both 28 and 29: 
oni Ne | yo |i H,-6 H, | Sy alas H-6 Hel. These results are 


consistent with the observations of Sweet. and Graham for 


CpRe(CO) (NO) (7-nl-CyHz) «7 


The value "for gthe yvicinalescoupling jconstant 33424 a 28. 


LS eelieSaeZ (33424 “aa a2win 29). As discussed jin Chapter 
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Tl, this large value for the vicinal coupling constant 


indicates that, one conformer (28a or 294) predominates. 


This conclusion is consistent with the observed chemical 


Pp = PMe 4 28a 


P = PMe.Ph 29a 


2 


shift differences between pairs of diastereotopic protons. 


The closer the protons are to the chiral metal center, the 


greater is the difference in the magnetic environment on the 


two. sides. of the ring. 


Similar effects are observed in the 13c wnmR specira Of 


Pcomandic?. Tne ,OeLinic region: of the 13c NMR spectrum of 28 


(100.6 MHz) is shown in Figure 
on selective proton decoupling 
C5 and Cs, it was not possible 


affecting Hs, due to the small 


XVI. ASSignments are based 
experiments. In the case of 
to decouple Hy without 


chemical “shift difference 


between these protons. The assignment was made by carrying 


out ten different selective proton decoupling experiments, 


Stepping the decoupler position through the H> and H¢ 
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resonances. Similar procedures were used to assign the 13¢ 
Sovectnum. Of: 29). 


The@fiuxionalmbehaviour of 29 has beenyinvestigated by 
13¢ ana 4H NMR experiments. These results are discussed in 


Chapter, Vil. 
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Section VI. Experimental 


Fe(CO)., [CpFe(CO)2])2, PMe3, PMe Ph, diphos and 
pentamethylcyclopentadiene were purchased from Strem 
Chemicals. CH BF, was purchased from Aldrich Chemicals. 
CpFe(CO) Br was prepared from the dimer by the method of 
Pauson and Hallam./18 CpFe(diphos)Br was prepared from the 
dicarbonyl using the procedure of King et a1,119 
[MesCpFe(CO)9] 9 was prepared from Fe(CO)s by the method of 
King. 120 Ru3(CO) 2 was prepared by the Pomeroy 
modificationt?1! of the Inorganic Syntheses methodl22 or 
purchased from Strem Chemicals. [CpRu(CO)9]9 was prepared 


according to the procedure of Knox and Humphries? 


Na/K 
(20:80) was prepared by melting the metals together in a 


Schlenk tube under nitrogen. 


Pear lLaoue Gt Core dionos) MoBr-2THF Uwlth oC WH BE 


laa A 


CpFe(diphos)MgBr-2THF (300 mg, 0.40 mmol) prepared by 
the method of Meunier et al.193 was dissolved in 15 mL 
THF. The red solution was cooled to -78°C. C7H7BFy (72 mg, 
-40 mmol) was added. After 2 h. stirring at -78°C, the 
solution had turned black. Removal of the solvent at -10°C 
gave a black residue, identified by li? NMR as a mixture of 


ditropyl and CpFe(diphos)Br. 
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Preparation of [Me -CpRu(CO) 5] 5 


Ru3(CO) 192 (1.28 g, 2 mmol) was dissolved in 200 mL of 
n-octane. MecCpH (2 mL, 10 mmol) was added. After 16 h. 
reflux, the solution was cooled to room temperature, 
depositing large orange crystals, which were isolated by 
Syringing off the supernatant, then washing with 3 x 5 mL 
THE, then 3 x 5 mL pentane. Yield: 550 mg. The 
Supernatant solution was refluxed for a further 8 hours. 
The same procedure allowed recovery of a further 500 mg of 
DEOducte: Lomathismsolution.. sOverallyyieladel.05 +g (60%): 
Ai aieysts mca lea. Lol, Co 4H3)RU,0,: 


Found: C, 49.49; H, 5.08. The literature procedure 
i283 


(iy ES SHON isha SPS cbt 


afforded a 32% yield after chromatography. 


Preparation of MeeCpRu(CO)5=Cl 


[Me-CpRu(CO)5]5, (175 mg, 0.3 mmol) was dissolved in 
100 mL of CCly. The solution was stirred under ambient 
mruOrescent lightetor 924h. After removal olecel a, =the 
brown residue was chromatographed on Florisil (2 cm x 5 cm 
column) with CH jCl2 as eluant. The product was 
recrystallized from CHjCl5/heptane to afford the chloride as 
a bright yellow crystalline solid, mp 120°C (dec). Yield: 
150 mg (76%). IR: (cyclohexane, vo, em71) 203cygELOce. ly 


NMR (cyclohexane-dj) 9, 25°C, 6) 1.86 s. Anal.: Calcd. for 
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New A 


Cy 2Hy5RuO>Cl;) C, 43.97; H, 4.61. Found: C, 43.86; H, 
4.59% 


Preparation of MecCpRu(CO) 5-H 


Method (a). The supernatant solution from the preparation 
of [MesCpRu(CO)5]5 was evaporated to give a deep red oil 
which was chromatographed on Florisil (3 cm x 15 cm) with 
heptane elution to give a fraction containing Me 5CpH 
followed by a fraction containing the hydride. Evaporation 
of heptane followed by sublimation at 65°C (0.1 mm) onto a 
water cooled probe afforded Me >CpRu (CO) 5H as a colourless 
crystalline solid, mp 41°C (75 mg). IR (cyclohexane, vco, 
cm71); 2013, 1954. +H NMR (cyclohexane dj, 25°C, 6): - 
Dei Die (eis Malay MesCp), =—l056 (S, LH, -RUu-H)e sr Analse| Calcd: 
ECU RRO sh aecye 4. Lae Hye Se 50's POUNd «merc ym4om 30 Gunny 

br. o* 

Method (b). Me 5CpRu (CO) C1 (130 mg, 0.4 mmol) was dissolved 
in 25 mL THF. NaBHg (40 mg, 1 mmol) was added, followed by 
1 mL of water. The mixture was stirred for 6 h., then 
pumped dry to give an off-white residue. Sublimation at 


60°C onto a water cooled probe afforded 95 mg of 


Mes CpRu( CO) 9H (81%) identical to the product of method (a). 














7 : o 6 i he ee wy 
aa.fb «fayod led ,B oh .te ea : IgOe 
' oe Ga baad 
, 7 
Bon 
J. ri >) » ‘ cn ‘a ;, qt i ots ehae i ica 
re le A 
za I 5 rl ¢ 5 ee Es rs wy (8) 


svip beatexseyavea sew ste (oo)utaGeet] $0 


Jomo rds 26W tide 


, ' 
2 ‘ 5 ff a H Jule 
f 
© Ps rat oe mG a é Va ei 


cw 


Hs emifcne vd tbewolle? nataae bt. 
ee 

ay 
bahyotse sdowe 881066 19s 8W 


. iy .bitoe awille 
tio? an le £108 
Jim te M ,WEL «at 
: { eb. > t-eOuaayl 
, 


* 
~~ | <P. i m= oA f 1 * 
i havimeetS eew (bohm b.0' , of Dod) ) Avene a jie ah wid) bosom. 
ie a) 


da .Bbenba. zew \(lomm@ C pr 2) Haet 6 TT la 2 | a 





esa 3 Sot Senviza Gew ouuituin sn? Bont do im t 


saudi eget ee, me agte’« 
2 re) on bd ; 
7 Bi oe 


1387 


O 


l 
Preparation of CpFe (CO) ,-C-C,H,_ (21) 


[CpFe(CO)5]5, (345 mg, 1 mmol) in 50 mL THF was reduced 
(2 h.) with 25% excess 1% Na/Hg, filtered and cooled to 
mies Oe C>H5-C-Cl (308 mg, 2 mmol) was added. fThe red colour 
of the anion was discharged immediately to give a yellow 
solution. The infrared spectrum had vag bands at 2020, 1956 
and 1652 cm7!. on warming or pumping to reduce the volume 
Orel, tnes solution turnedsdark red, and the infrared 
spectrum indicated pane eet of [CpFe(CO)9]9- Attempts to 
form this acyl compound and photochemically decarbonylate it 
Peo cum oem davemonly=| Cpre(CO)5)>- s there was no 


evidence for formation of CpFe(CO)(n?-C5H>). 


R 
Pee param Org Mer Cppeuc0).4-C=C7 Ho, (22) 


[Me -CpFe(CO)5] 5 C50mmg,).1 sno ll) mwaSestarreds ins 25.1 
RHEeWwl coe. moe Gomema)e Of Na/K for 37h... The deep red anion 
solution was filtered and cooled to -78°C. 31mg (.2 mmol) 
of CoH ecl was added. The solution immediately turned 
yellow. The THF was pumped off at -78°C over 24 h. The 
residue was extracted at -78°C with 10 mL of pentane 
Saturated with CO. The yellow solution was filtered and 
concentrated by pumping at -78°C to ca. 2 mL. A yellow 
precipitate was deposited. Yield: 8 mg (21%). IR 
(pentane, vcor em71) ; 2008, 1953, 1656. Mass spectrum: 


(14 ev, 55°C) highest m/e corresponds to Mt-3CO. Anal: 
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calcd. for Cy9Hx>Fe03: C, 65.69; H, 6.06. Found: C, 
66./78;.H, 6.56.5 Attempts to prepare Me ,CpFe (CO) ( n3C4H>) by 
UVeirradiationsof this acyl compound at —78°C were not 


successful. Only [Mes5CpFe(CO)>5]> was formed. 
Reactions Of iron anions with CoH Bry 


Reaction of NaCpFe(CO)9, NaMecCpFe(CO)5 or 
BMCeepre(Co)> witheCjHIBF, ing THERat.</8°C.gave only the 
respective dimers and ditropyl. The reactions were worked 
up by pumping off the THF below -50°C, then extracting the 
residues at -50°C with pentane. Only the dimers were found 
in the pentane extracts, even though more soluble 


mononuclear compounds such as CpFe(CO)(n?-c ) should be 


yin] 
extracted preferentially. li NMR of the pentane extracts 
showed only ditropyl and dimer. (NMR samples were prepared 
by evaporation to dryness, then dissolving the residue in 


CD.Cl. aw LOOM ALeMperacLure. Spectra were taken 


immediately. ) 


Preparation of CpRu (CO) 5(7=nl-C4H7) (250) 


[CpRu(CO) 9), (222 mg,.0.5emmol) Sang o0s mle theewas 
stirred vigorously with excess 1% Na/Hg for 4 h.124 The 


solution was filtered and cooled to -78°C. C7H7BFq4 (178 mg, 


lemmodjmwas, added. wThes solution wasestimredatorms0pmingat 


REL 
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=78°C. The THF was pumped off at 0°C. The residue was 
extracted with 2 x 15 mL pentane and the extracts were 
Pultered@and, cooled to =78°C to afford an orange 


MECC tare mim 4 Cm Cld ss 1 OOs igual (toys) LR 


(cyclohexane, vog, cm +): 2013 s, 1960 sh, 1957 s. Anal: 


calcd. for C,)4H,,Ru05: C, 53.67; H, 3.86. Found: C, 
53.63; H, 3.86. Mass spectrum (14 ev, 25°C): M*, Mt-Co, 
Me =2c0, C7H7* (base peak). li NMR (cyclohexane-dj5, 
Zee) meres se a0 See peep ero. 04 (IN, Hy H3,4)" See a, 
Hei ie Om) Hopic)paa4,02.4(t,. Ho, ae a 
Hz); +3c NMR: (THF-dg, 20°C, 6): 202.7 (CO), 140.8 (2C, 
Gia) Ipstowsl@) (CAG e C3,4)5 227.9 G2G; Oy st 89.9 Voc; Cope, 
19.5 (1C, Cz). Similar results were obtained using 
KCpRu(CO) 5 from the reduction of the dimer with Na/K. In 
both cases, infrared monitoring of the reaction mixtures 
indicated near quantitative formation of the alkyl. 


VYieldssot isolated material varied from 50-70%. 


Preparation of Me .CpRu( CO) 9(1, 2-n2-C7Hg) BF4 


Mes5CpRu( CO) 9-H, (60mg, .2 mmol) dissol vedwins Sams 
CH5Cl»5 was added over 1 h. to 40 mg (22 mmol) of C7H7BFy 
suspended in 10 mL CH)Cl>2- REtepoa eruGtnerenOUnESiar gt nG > 
the solution was filtered and the volume reduced to ca. 3 


mL. Ether (25 mL) was added with stirring and the yellow 


140. 
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precipitate which formed was dissolved in 5 mL CH»Cl5 and 
recrystallized by addition of 25 mL Et j0. Yield: 40 mg 
(42%). IR (CHoCl5, voo, cm7!): 2063, 2022. 1H NMR 
ee ee On eo) eee co (My, YH, Ho "or He), 1.94 (s, 14H, 
Nese) ee 406 (guint, ilo, Hom Or Hei, 2.57 duect, ii, Hj), 
Seem OL, atin, meio) a 94 (Or quart, "LH, He) yp Oersa (Mee ay 
eo et OF yey H3,4)- Anal: © “calcd. “for C)9H>3RU05BFy: 


Cyto. 457, ea eoes MP OUNG: “IC, A4BS20" Howe ae95. 


Preparation of Me jCpRu(CO) 5(7=nt-C5H5) (24) 


(a) Anion method: [Me5CpRu(CO)95] 9, (292g) .5 mmol) was 
dvssolved=in=5S0emTHR over 0.25°mL (200 mg) 7’0£f Na/K. “Atte 
Tomes ti CL ing, tne mixture = was Lllcerea to give a clear 
yellow-orange solution. The infrared spectrum showed 

four vag at 1876, 1866, 1792 and 1768 cm-l. after cooling 
Dome ree Os eInG a Cte mmol) OL ClHIBFy was added. After 1h. 
stirring, the infrared spectrum showed that the anion had 
reacted to give 24and the starting dimer in about equal 
amounts. “(The low solubility Of this Gilmer ing tHh ace —7 BoC 
probably means that the amount of dimer formed is greater 
thane DUS.) The. SHbeewas pumped OLf dt. UO: emeeic residue was 
Eextractea with 3 x 20 mL Of pentane at 0° C;, til vered7. and 
cooled to -78°C. An orange precipitate formed which was 


identified as [MesCpRu(CO) 9] 2° The supernatant was pumped 


141. 
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dry to give a red-orange crystalline residue which was 
recrystallized twice from pentane (10 mL) to afford) 24. ass.an 
DEangemcrystallinemsolid, mp 108°C, (dec)=i Yieldsae30 mg 
(8%). IR (cyclohexane, vag, cm7+t): 1997, 1944. Anal: 
calcd .reton Ci 9H 5 9RuU0>: Clone eH, 5270.9) round :Fuc, 
59 6;e Hato 23heeMasss spectrum: (4) ev7—i7.0°C) Stem’) tMT=Co), 
M*-2CO, M*-C7H7, MesCpH*, C7H7+ (base peak). ‘+H NMR 
(eyolohexane=dj5yec0°C;as): Br 04y(tt,i1H;eHs, Yoqe7i=er.5 
Hz, 4397 = 1.0 Hz), 5.20, 5.25 (m, 4H, Hy,5 and Hy ,¢), 5.88 
(m, 2H, H3 4), 1.84 (s, 16H, Me5Cp). 

(b) Deprotonation method: Me .CpRu (CO) 5(n*C7Hg) BF 4, (2 Aaa, 
-05 mmol) was dissolved in 10 mL CHyCly and Et NH (3 drops) 
was added. After 1h. stirring at room temperature, the 
CH»Cly was pumped off and the orange residue extracted with 
ee eoeMiue ot pentane .mraltration and concentnatlon toyca. 93 
tinetoOtal volume followed) by cooling to —-78°C -aftorded: 15 mg 
Of 24 (78%), identical with the product obtained from the 
anion reaction. When the deprotonation route was used 
without isolation of intermediates, a 19% overall yield 
Starting from MecCpRu(CO)9-Cl was obtained. This route has 
the advantage over method (a) that separation of product 


from ditropyl is not required. 
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Preparation of CpRu (CO) (n?-c H5) (25) 

CpRu(CO)5(7-nt-CzH7), (190 mg, .60 mmol) was dissolved 
in 10 mL CH5Cl5. Me3NO (100 mg, 1.3 mmol) was added. After 
8 h stirring, solvent was removed under vacuum to leave a 
black residue. After extraction for 16 h with 20 mL 
pentane yy aneorange  TSsolution waseobtaineds gAfter!) Em@itration 
and@redtietiontinawolume totcases miy cooling! ton-10°¢ 
eatformed afiredaprecipitate:? Recrystallizationh£iroms5 mL 
pentane gave. large’ red-orange needles, mp 133°C. , Yield?) 55 
mG 432%) -gutThe same=products cansbe obtained; in ca. 10%,yield 
by photochemical decarbonylation of 23. IR 
(cyclohexane, Yeor cem7l); Toy eee lass SDeCLLUM MLD Bey, 


Poe) meee ie- COM base poeak). Anale) calcd. for 


Gece eoe C7 54577 Hye4. 51. /Found: 9c), 054. 21;) H, 4-40. 


SWUM (20°C, Ihied,, 6): 2-60-(t, 2H, Ho, yoo = 7.5 


Hz), 4.68 (6, 2H, Hie) + 4.98 (m, 2H, Hs 6). Seo Cad nee, 


wey Sars ia(ts StS HG. Cpl): 


Preparation of CpRm (co) MeSH (26) 


A procedure similar to that used by Knox and Humphries 
for ithe) preparation of CpRu (CO) PMe 3-H® was employed. A 
solution of 0.51 mmol CpRu(CO) 5-H was generated by refluxing 
Ru 34 CO)R sot L0 G7 OL1L7 mmol) with CpH (2 mL) ean* 200) mb 
Reptane. tor St ti. PMe3 (5 mie Siiamol) wastiaddead. gAfter 5 


min. reflux, IR monitoring indicated complete consumption of 


ba ; ; ‘ 
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the starting hydride. The solution was reduced in volume to 
ca. 50 mL. An orange precipitate of [Mes5CpRu(CO) 9] 2 formed 
which was filtered off to give a yellow filtrate. 
Evaporation of this filtrate to dryness afforded a pale 
yellow precipitate which was recrystallized from 30 mL 
Pexenemby -cOOlIng@to =-/8°C. Yields =t.15 9 (83%) Mp 79°C. 
Colourless material was obtained by sublimation at 55°C 
(Us Lemmy “Onto a water-cooled probe. IR (cyclohexane, vVcao: 
coe eel oi). Hn NMR (CD5Cl,, 25°C, 6): 4299 (cp 5H” Cp), 
Wom (SH rMes; uy, 4 = 9.8. Hz); —12.63  (d,; 1H, RU-H, 


OE pas =mo ys 87) araman (SOlad state, HeNe laser): 1943 


cm7t, Anal: cated. for CgH ,5RuUOP: ey, Sse sip ners 


POUNG=we, 640.097 Hy Lo.5 7 « 


Preparation of [ CpRu( CO) PMe 3 (1, 2-n2-C7Hg)] BFy (25 


CpRu( CO) PMe3—H (5>45MQ yee 2. mO1) neo enc CH5Cl>5 was 
added dropwise over 1 h. to a rapidly stirred suspension of 
C7H7BFy, (50 mg, .28 mmol) Ln) 5 le CH) OLS: Infrared spectra 
showed that the single vco band of the starting hydride 
(1909 cm71) had been replaced by one at 1997 cm71, Attempts 
to precipitate the cation by addition of ether caused 
displacement of C7Hg (14H NMR). When a concentrated solution 
ae a Bue CD7Clo was stored at -78°C for 7 days, a yellow 


Precio tatemtormcdmelowly. Analysis: | Calcd, sfor (27, 
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CiigHo > RUOPBE {tC , 0420°785°-H,) 40948) l round:"©'c) 35128384) 
4.20. 1H NMR Spectra indicated large amounts of free C7Hg 
in the supernatant. The precipitate did not redissolve in 
dichloromethane. 

The identification of 27 as a cycloheptatriene cation 
is consistent with the ly NMR spectrum (400 MHz, CD9Clo, 
ORC )>my Duey toethe presence@of two diastereomers; «thes spectrum 
is very complex (see Figure XIV and discussion in section 
Vipem attempts oy deprotonate thelcation in? situlwithta 
variety of bases (Et3N, NaN(SiMe3) 2 Or 1,8 bis- 
(dimethylamino)-napthalene) did not give an alkyl product. 
Rapid formation of free cycloheptatriene was detected by ly 


NMR. 


Preparation of CpRu(CO)PMe3(7-n!-CoH7) (28) 


CpRu(CO)5(7-nt=-Cc7H7), (250 mg, .80 mmol) was dissolved 
in 20 mL hexane, and PMe 4 (Semmol) waseadded~ ihe solution 
Wasa heated. tomi65°@afors10rmin, cooled tos room@temperaturey, 
filtered, and evaporated to afford a red oil. After 1h 
under vacuum, the oil was dissolved in 10 mL pentane. When 
thislLsolution®wasefilitered and cooledm@to —73> Gy @ansorange— 
red crystalline precipitate formed. The supernatant was 
syringed off and the precipitate pumped dry at -78°C. On 


warming, the precipitate melts to a red oil at ca. O°C. 
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Repeated attempts to crystallize this oil from hydrocarbon 
solvents have not been successful. IR (cyclohexane, Yoeor 
em-+): 1920. 14 NMR (cyclohexane dj5, 25°C, 8): 1.36 (4, 
SAMAR Michie paseo weet), 261849 (q/Apl Hywilisiedege rk ap, = 
(epeiz a. 4.6 5acdds. 1H. Ho), 4.68 (dd, 1H, He), 4.87 (br dd, 
Tee tire. OO K br iddy, Hi )ee 5419 sobr id, 4H, Hyd 25. 27 (br 

da, y Js He) Bb, 498,( Si. oH -§ Cp) « 13c¢ NMR (cyclohexane-d)5, 

Becry OS 25> id, Cy, Péens Age pie, 29, fz)y, 23-225 (ayy ic, 
Gree ee -ia, ze), 438) 2 she BC Cp am 1 ly 4585\(5 7 1G) C2de 
1G Oe Semele e. C5 )s eal Sony Op aiseeel Cu CA). 4133 --8887(s,elC, €3)y 
Ase ome Sime, 6 CO) 2 4 Ser 4enis, bC yrCli)ye 205.3 dda, .2C 2 Co, 


Preparation of CpRu (CO) PMe5Ph(7-nt-C5H>) (29) 


CpRu(CO)5(7-nt=C4H4), (G27 8aNG es swice MMOL) awase Gissolved 
LOeeLO ml. hexane.o— PMG5Phee(0.0. ily 85, Mgr. -61s.mmol), was 
agded.ae The solutwongwase wazmedy to 65°C, forgs5 min.,, After 
cooling to room temperature, 10 mg of silica gel was added 
(Eicher 2c-—200uneshjae Thea mixtures wasess Gir rede or 0 
Minutes. then filtered, .iweduced. in wolume. to. o mis ands cooled 
toe uO? Cone Aesredol ly..ocecipi bate shormedsovernighs Seti 
Supernatant was syringed off. li NMR showed that the 
Ssiipernatant, contained ditropyl, 29,.and jcas 20% free 


PMe5Ph. The supernatant was discarded. The red oil was 
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dissolved in 5 mL hexane, filtered and cooled to -10°C. A 
red oil separated. The supernatant was syringed off. The 
Oil did not solidify even after several hours pumping. IR 
(cyclohexane, vco, em7l); USP 2s ly NMR (cyclohexane-dj9, 
AOS temo cae ls Ont (mesh, a Poe, acc ae siren stay, dlnteysh ely Sele 
My “digapeS Both Healy DaiU(Gip aly Gene ties ee eerpes) ovis 
Hz), 4.64 (dd, 1H, Hz), 4.68 (dd, 1H, Hs), 4-86 (dd, 1H, 
oe oe Ody; Hy); >.te (dd, 1H, Hy), 5.27 (dd, lH, 
Hoe oo Sap CD), 724-7) .32) (mM, 3H, mM +p), |. 58-7266 
(m, 2H, ortho). +3c¢ NMR (cyclohexane-d,5, 20°C, 6): 20.3 
Roe Eee ed ere 930 0Hz),) 23-10 (108 C5) “Up 5 = 4-6 
H2oo 20) (S73+5)C, Cp), 118.00 (s;, 1C, C5), 118.77 ({s, 
mee io An S, eC, CA), 133.90 (5, 10,7 Ca), 914). 67 Sy 
Dm AES Ome 0, 206-25 de 2Cr CO, dp n= 
21.4 Hz). Aromatic carbon atoms of the phosphine ligand 
were assigned based on comparison to the free ligand and the 
Sizemore oop: 150.490(d, 2C, Jcip —sl0s8eHz; ortho) jal2cigs 
(rere, letsssh = (key kay meta)i, 126.235 (0, eC Je ps4 eos 
Para). The carbon atom directly attached to P was not 
located.) )4n inverses gated decoupling  spectrumyotetnemi ree 
ligand located the resonance for this carbon atom at 6 143.7 
ppm. This signal is relatively weak even in the absence of 


NOE effects, presumably due to a long Ti: 
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CHAPTER Vi 


DINUCLEAR RUTHENIUM COMPOUNDS 


Secrr onl Tntroduction 


Metal dimers containing n> cyclopentadienyl groups and 
carbonyl ligands have been intensively studied in recent 
years. 125 Particularly interesting compounds are the 
cyclopentadienyl dicarbonyl dimers of the iron triad, 
[CpM(CO)5]5(M = Fe, Ru, Os). The iron dimer has been the 
subject of infrared and NMR studies which have led to a 
detailed understanding of the structures of the various 
isomers and the processes by which they are 
interconverted.!26 fhe ruthenium analog has also been 
investigated by ly wort?’ and infrared spectroscopy. 128 

The chemical reactivity of the iron dimer has been 
extensively investigated, including studies of ligand 
substitution reactions where a carbonyl ligand is replaced 
by another ligand L such as a phosphine, phosphite or 
isonitrile group. Many unsuccessful attempts to prepare 
disubstituted dimers have been reported. Typical of these 
results is’ the reaction of [CpFe(CO)5) 5 with various 
phosphines and phosphites, which gave only monosubstituted 


products CpFe(CO)(L)-CpFe(CO) 5.129 DIsubstitucron can “be 


148 
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achieved by employing bridging ligands. Compounds of the 
type CpFe (CO) PhjP-(CH2) _-PPh2(CO) FeCp (n = 1-3) have been 
reported.!30 he novel ligand PFjN(CH>CH3)2 was employed by 


R.B. King and coworkers to prepare 


[CpFe(CO) PFN (CH.CH,)51]5, the only disubstituted dimer with 


monodentate ligands reported to Aatee 


Previous workers have employed the direct thermal or 
photochemical reaction of a ligand with the tetracarbonyl 
dimer. It is not surprising that in most cases only 
monosubstitution was observed, since the replacement of one 
Caubony OLOupeWLeh a 11gand, witch is a better o donor and 
less capable m acceptor than CO will reduce the lability of 
Eivesremaining, CO Groups. Inethis chapter, indirect methods 
for the synthesis of disubstituted dimers which allow this 


problem to be avoided are described. 
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SPecCelOnml i. mPreparation. of [CpRu (CO) PMe 3] 5 


The instability of [CpRu(CO)(PMe3)(n2-C7Hg)]BF4, 27, 
with respect to loss of cycloheptatriene was described in 
Cnapters Vi (section —B). | In the presenceraf CpRu(CO)(PMe3)-H, 
27 is rapidly consumed to give a new species. ly NMR 
spectra show two new (n?-CoHs) Singlets and two Pie; 
doublets. This new species was identified as a dinuclear 
compound by an independent synthesis using the hydride 
abstraction method developed by Sweet for the synthesis of 


[CpRe(CO)(NO)]5(uo-H)PFet+’ (eq. 44). 


CHCl, 


20° 


2CpRu(CO)PMe,H + Ph,CPF, 


[CpRu (CO) PMe ~H) PF¢ + Ph.CH 


é) 
(44) 


319". 


The reaction was Perr cawour by adding a solution of 
PhoCPre In CHCl, to a solution of 26 mngthe same solvent. 
Compound 30 precipitates from solution upon addition of 
diethyl ether. 

The 1y NMR Spectrum of 30 in CD5Ci thas two Cp wsinglers 
at'6 95.154 and 5.162. Doublets due tog PMe 3 Groups are 
ODSErVed al 6 1.05), anagal. 053 Alken = 9.95. and 10.4 Hz 
respectively). Two triplets are obsemvediat 6 -—20.26 and 


-21.70 ppm (see Figure XVII). These hydride resonances are 
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Observed at much higher field than in the mononuclear 
PrecussOmecOrsow—=L2.6 ppm). The observation of triplets for 
these signals indicates equal coupling to two P nuclei. 
Previous reports indicate that the NMR resonance of a 
Disidging hydride occurs) at higher field than that of a 
terminal hydride, 132,133 ASshatt upflielawoteca./ ppmewas 
reported for [CpRe (CO) (NO)] 9( u9-H) PF¢ compared to 
CpRe(co)(No)-H. 21? 

THe stwo complete Sers Of 8 NMR resonances observed for 30 


(a similar situation was observed in the 13c¢ NMR spectrum) 


Ceeurein the ratio 52:48—6 (The same ratio is obtained by 
comparing the Cp, PMe3 or hydride resonances. ) J GeRS) AREY Ke) 
is independent of solvent (THF-dg OreCD5Ci> )alies]e 


observations indicate that [CpRu (CO) (PMes)) 5 {oh} Pr, exists 
in solution as two diastereomers, rather than as two 
geometric isomers (i.e. cis and trans). 

The infrared spectrum of 30 lends further support to 
this interpretation. Only two voy bands are observed (see 
Hroure XVIII) and their position and relative intensity are 
only slightly affected by changing the solvent (CH»5Clo5, 
CH3CN or THE). Thesmost probable stymetures for J0earey tic 
sterically less demanding trans structures (only one 


enatiomer of the RR/SS diastereomer is shown). 
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FIGURE XVIII. Infrared spectrum of 30, CH,CN. 
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The number of infrared bands expected for 93.0 depends 3on 
GiemlOcekton Of ethoeshydride: ligand. If the. hydride ligand 
Olres0ekhS wene located jexactly between .the Ru atoms,, the 
molecule would have C; symmetry and one vcog band would be 
expected. With the hydride ligand off-center as shown in 
the structure, the symmetry would be C, and two Veg bands 
would be predicted. Thus the observed infrared spectrum 
could be accounted for by only one of the diastereomers. 
Alternatively, the two vag bonds observed could each be due 
to one diastereomer. Very similar spectroscopic data were 
reported by Sweet for [ CpRe( CO) (NO)] 9(u9-H) PF. +7” 

The protonated form of the unsubstituted dimer, i.e. 
[CpRu(CO) 5] 5(u 9-H), has been observed spectroscopicallyl34 
and the iron analog has been isolated as a 


hexafluorophosphate salt.13>° protonation of 


CP5Fe (CO) 3( P( OMe) 3) was reported to give a hydride bridged 


del 














md 
. jiet Ie zedmun sat 
faye sto 3 -boaeti ebisbyn off to nolisool eae 


vsewred vigoexn beteool es zaw an-0€ 36 
oi bleow boed «vw one fine yesemnye )4 ever bluow sfluosiomn 
bivrhyd ets dgiW . .bez99qxe™ 
ertomoyve od? ,staosoutze enz 

joage borstint tevasado. sds aut? .besodbexg od Slogy 
anos redecib edt to sm Yino Wd x6) beenuopOm od bLug> 
euly od wtoas bluoo bevysade ecdned ae wi sna ylevisganiesIA 
anew ata oiqoeeorsoeqs  weiimes yuo’ -leamos19aa6ib ono OF 
FEE 99(B-gu hg (OW 100) 9g?) 102 Jpewe yd atalich A 4 
200% .2oeib heyusiredveru of? Yo mo} bsdenosorg sdT | <a 
ses bevyoado fined nad .*(tnguigig(GO)umaad 
- y ek a ; at? at . ee cab. 


_ s a 2» - 7 Fi 
yy 1c os 7° 

















- - *. - 
5 a 





1DSr 


cation.134 Jn all of these cases, the bridging carbonyl 
groups present in the parent dimer are replaced by a 
bridging hydride ligand inthe cation. 

A typical reaction of hydride bridged metal dimer 
cations is facile deprotonation to give the corresponding 
neutral dimers. For example, [CpRe( CO) (NO)]5( u 9-H) PFgtt? 
and [CpFe(CO)]5( 9-H) ( u9-diphos) BF413® are both deprotonated 
by Et3N. 

Compounds 30 ;doeswnot react with Et3N, Et NH or 1,8-bis- 
(dimethylamino)napthalene. With excess NaN(SiMe3) in THF, 
Smee oo erodncrystalline compound (31) was isolated in low 
Vielod. = ihe Compound shas) very Llamited solubility in THF. it 
reacts with CH5Cly to give CpRu(CO)PMe3-Cl, identified by 
comparison of infrared spectra with an authentic sample. 

The infrared spectrum in THF shows only one woo band at 1645 
em71. This band is broad and slightly asymmetric. 

A lH NMR spectrum Of 31. in THF-d,_ was obtained) by 
grinding the crystalline material and stirring in THF-dg.- 
Only One «ep singlet at §6 4.69 and one PMe, doublet at 6 1.33 
ppm Gi = ]3.2 Hz) were observed. Aside from small 
shifts in peak positions, the spectrum was unchanged on 
Cooling to  .—100° e% 

Compound 31 melts with decomposition at 240°C and gives 


a mass spectrum (70 ev, 220°C) with a molecular ion envelope 
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at m/e 533-547 having an intensity pattern consistent with 
the formulation [CpRu(CO)(PMe3)]) 9: 

The structure of 31 was confirmed by an x-ray crystal 
Sec vureCeterminatlonucarriced out by DY. «Richard Ball of 
this department. Details of the data collection and 
refinement procedure as well as tables of structural 
parameters, bond lengths and bond angles will be found in 
the experimental section. The structure in the solid state 
Pomciecmtrans, configuration with bridging carbonyl groups 
(see Figure XIX). This structure is consistent with the 
spectroscopic observations in solution. MThe lack of 
terminal vcaog bands in the infrared spectrum and the single 
Cp resonance in the li NMR spectrum (ie lack of evidence for 
diastereomers expected for a non-bridged structure) 
indicates that the solution structure is probably the same 
asmchat ound Jin) themsolid: state. 

Tiems Luc tUremOless | 6s Very sSimilarstomthale previously, 


reported for the tetracarbonyl dimer, (epRacol lor. Tas 
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compound also has a carbonyl bridged centrosymmetric 
structure in the solid state. The central core of the 
two compounds show essentially the same structural 
PeatuLesa Ihe ametal-metalsdistance in 311s Only 


Slightly longer than in [CpRu(CO).,],- 
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Deol erenh. SrLeparacion "Of [CpRu (CO) ( PMe 5Ph)] 5 


The preparation of CpRu (CO) ( PMe Ph) ( 7-n?-C7H7) (22) ewas 
described in Chapter V. All monohaptocycloheptatrienyl 
alkyls so far investigated show varying degrees of thermal 
instability, decomposing to give ditropyl and a metal-metal 
bonded dimer. In the case of 29, heating a homogeneous 
solution in methylcyclohexane to 90°C for 15 min caused the 
dene llonwoOL eae fine orange precipitate (32). 

Mieweintrared Sspect rum Of 032 in) THF ‘solution shows a 
single Veg band at 1697 cm7!, the +H NMR spectrum (THF-d,), 
in addition to aromatic protons of the ligand, has one 
Singlet) Cp resonance ~at 6 4.45 ppm and a doublet due to PMe>5 
Groupseat 6 452 ppm (eon. = 8.5 Hz). Analytical data are 
consistent with the formulation [CpRu(CO)(PMe>Ph)] >. The 
Senbieue int VaPOLeetNemsbeCeELOSCOpiG results stor -3lizand 32. 
Suggests that these two dimers are isostructural. 

The synthetic methods described here for the 
preparation of novel dimeric species are capable of 
extension to the other metals in the iron group. Although oa 
cycloheptatrienyl compounds of iron appear to be very 
Unstable, esubstituted hydrides such as= (prhe( COjJMPNe.) “Hoare 


138 In the case of osmium, CpOs (CO) 5(7-n+-C7H7) and 


known. 
CpOs(CO) 9-H have recently been prepared by Hoyano and 


Graham139, SO suitable starting materials are available for 
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this metal. It would be very interesting to prepare 
[CpOs(CO)(P)]5, Since the parent tetracarbonyl dimer is 
known to adopt a non-bridged structure in solution. 
Possibly phosphine substitution would force the compound 


ticouascalbony le bridged sstructure analogous to 3] and 32. 
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section IV. Experimental 
Ph3CPFg was purchased from Aldrich Chemical Co. 


Prevabation Of | CpRu(CO)(PMe>)]5( 5-H) PEE (30) 


CpRu(CO)PMe3-H (400 mg, 1.48 mmol) was dissolved heh 3) 

mL CH5Cl>. Bh; Ger eaG27 20mg ne0.7emmol) ines mi CHyCly was 
eacedmoven i025 (hieelhegsolution was ,stirned fert0.5"h. The 
product was.precipitated by, additionsof 20 °*mi ether. 
Recrystallization was effected by dissolving the precipitate 
Br Semis CiaClp ana” adding@l0smi ethergsto afford 30 as an 
Grangespowder. Yield: 390 mg (81%). IR (CH3CN, vcG, cm~+) 

T9s7, 1943. HNMR (CD5Cl5, 400 MHz, 25°C, 6): 1.635 
(a, SHpRpMes4 | 2ag_5= 9.6 HZ), 1.653 (d, 9H, PMeg, SJyap = 
MO Amie 54154 16S wetiieeCO) ym LO 2eSye4hee Coy) —20826e (ty 
Pee nil Ue Ot, lH ic vege Ticoghizgy.. + 7C 
NUR EGGD,Gl,3)100.6eMiz§ SSG, Gls B23. 15e(d BoCre Men jes oes 
Sis 3 Ome) pk oe 42a Oya Cc, Jee =e De eZee, | Oe deel Sy emeeOke > 
Coleco 0ia(s) SoC MCD) ae 022 CSmiidia 2OpCOgm- 0. im oes 
Hae, 208m 20unl di mecca. COperdo spi= 19.8uliz).. etbe se. spec trum 
Was alsoerun ateSO MHzein ordes to distingquishyPpeecouplings 
Grom)chemical shift@differences. between, the two 
diastereomers. gAnalysis:@ caled. for C),H59Ru505P Fe: C, 
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Preparation of  (CoRu(CO)(PMe>)]., (31) 


Compound 30 (4.4 mg, .0064 mmol), NaN(SiMe3) 9 (10 mmol) 
and 0.8 mL THF were combined and thoroughly mixed to give a 
NnoMegenecousmrcoseSOLUtL On wm COOlAnGmthemsolution sto. 5°C. for 
48 h caused the crystallization of 31 as deep red 
crystals. The supernatant was syringed off and the crystals 
Woes lcm UIMecmwit hel ey lerd:) 0.975 mg" (26%) .. “LR 
(THF, veo, cm7?): 1645. 7H NMR (THF-dg, 20°C, 6): 1.33 
(a, PMe 3, Zo aes = Jia) ats OF S,7a CD )e. Mass spectrum (7:0 


BAT AAEM EN TS Mie M'/2, and many fragment ions. 


Preparation of [CpRu(CO)(PMe5Ph)]}5 (32) 


CpRu(CO)(PMe5Ph)(7-n+-C5H7), (25 mg, .059 mmol) was 
dissolved in 10 mL methylcyclohexane and heated to 90°C for 
15 min. A precipitate formed. On cooling, an orange 
microcrystalline precipitate was collected by syringing off 
the supernatant and washing the crystalline residue with 3 x 
Demuepentane soavleldsauelo Mg (7/2). athe THE ea, em71) ; 
1697.0 92H NMR (THF-de, 25°C,..6): 1.52(d, Me. ay a oe 
Stain Clatisy (ae es see esi MGs Cet tel UST STs: (ee 
Meieai meal cL smc a LC Crum GO 1 CogH39RuU209Po: Cr aes ith; 
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A deep red paralleliped crystal with dimensions ca. 
0.02 x 0.01 x 0.02 mm was used for data collection. Details 
of the data collection procedure are listed in Table VI. 

The structure was solved using the Patterson heavy-atom 
method, which revealed the position of the Ru atom. The 
remaining non-hydrogen atoms were located by the usual 
combination of least-squares refinement and difference 
Fourier Synthesis. The molecule is constrained to be 
centrosymmetric by virtue of its position in the cell thus 
only half of the atoms need be located to completely define 
the molecule. 

The structure was refined in full-matrix least-squares 
where the function minimized was Ew(|FI-|FQ)? and the 
weight w is defined as ae joe (rae) K The final cycle of 
refinement included 109 parameters and 1911 observations 
having I > 3 o (I) and converged with R, = ela 
pee Eo 60) 03 Ceandak ye few(lFo[-|F.1)?/owl P| 7177? = 
0.060. The highest peak in the final difference Fourier was 
O79-( 2) e/A. jWeisy Sheveiblete iets Sopa Sil“ aWe) Velisjehieneietel okie) 19 SMe gb bate 
XIX. Bond lengths and bond angles are tabulated in Tables 


VII and VIII. Positional and thermal parameters are listed 
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Table VI. Crystal data for [CpRu (CO) PMe 3] 5 





A. Cell parameters (room temperature) @ 


Crystal system: monoclinic ap=eo. 030 (1) A 
space group P21 /¢ Deseo O7 Pil) A 
Z= 2 Cm 050(2) A 
few. = "540551 Beaweo 1/3) (el) ° 
0 (calcd.) = 1.82 g/cm? V = 985.82 A 
b 


Baw  COlleGtion Of intensityeData 


diffractometer: Enraf-Nonius CAD4 

Padtat1On MO wae (oO Loy oe A) 

monochromator: graphite crystal, incident beam 
SCanmtypes) ~ a=0 

scan rate: Ors6 meee O or / ideiamen( 177" 1.) 

SCanewldth- aU. OD teUssoetan o- 

Max.ecoce (277.58 

reflections collected: 2265 unique, Os ew Clee he 
apsOrptlon COcCEre: ft =—16.65 cme 

corrections: none 


jeBaccavons2omretlections inthe range 71° < 6 < 181. 


b Computer programs used include the Enraf-Nonius Structure 
Determination package and several locally written or 
modified programs. 
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TABLE VII. Bond Lengths (A)? 


Ru Ru! 2.7519(4) 

Ru P 2.2804(7) 

Ru Gat) 2.0230 (26) 
Ru Osis, 2.0083 (26) 
Ru C(5) 222933 Ga) 
Ru C (6) 2.2745 (28) 
Ru G(7) 2.2395 (29) 
Ru Cc (8) 2.2663 (32) 
Ru Cc (9) 2.2822 (29) 
P G(2) 1.8261 (32) 
P G(3) 1.8096 (31) 
P e(2) 1.8330 (33) 
eel) O(2) A MD) 
C(5) C (6) 1.4083 (55) 
C(5) Cc (9) 1.3860(45) 
c (6) Cap) 1.3848 (47) 
CT) C(8) 1.4086 (49) 
Cc (8) Cc (9) 1.4052 (49) 


“Numbers in parentheses are estimated 
standard deviations in the least 
Si1onterveant rargi ts. 
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TABLE VIII. Bond Angles (Degrees) * 


C @) Ru i a) OB) 
€() P Cs) 104.68(16) 
EC @) P C (4) 99°55416) 
C3) P C (4) 9975 23,(.16) 
Ru Culs) Ru' oil Sat et GD) 
CHG) C5) ©(9) 108335430) 
C5) C6) GG) LO 78230) 
C5) Cari) G(e) LO Gees 2 (ee 
CG) Cc (8) G (9) dO fea: (290) 
C ©) C(9) € G3) 108,04 (30) 


@numbers in parentheses are estimated 
standard deviations in the least 
Signiticantedig ists. 
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FLUXIONAL BEHAVIOUR OF MONOHAPTOCYCLOHEPTATRIENYL COMPOUNDS 


SeEceron el. MHeeOdiucrion 


A. Application of Orbital Symmetry Criteria to Sigmatropic 


Shitts 





Woodward and Hoffman32 defined a sigmatropieM@shift of 
Order |i; )j-"ase the "migrationeot talc sbondPeilanked Sby .onewor 
more m electron systems, to a new position whose termini are 
i-l and j-l atoms removed from the original bonded loci, in 
an uncatalyzed intramolecular process. An example 
illustrating the system of notation is provided by the 
rearrangement of 1,5 hexadienes (Cope rearrangement). MThis 


rearrangement is an example of a [3,3] sigmatropic shift. 


SS eo a 


TUers important to@note sthae in Vthe@desigqnations© [.hy73)} “ana 


[1 Sn conmonmiveused@ inidescribing @sigmatreplcamigrations, 3 
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and 5 refer to the number of the carbon atom which is the 
migration terminus. The designation 1 does not refer to the 
migration origin. This number specifies that in both 
reactant and product bonding is to the same atom in the 
migrating group. 

The basic principle of the theory proposed by Woodward 
and Hoffmann is that reactions occur readily when the 
symmetry properties of molecular orbitals in the een ne 
and the product allow for maximum favorable (bonding) 
Overlap throughout the reaction (an allowed reaction). When 
this condition is not met, the reactions proceed only with 
Clie culiys (a forbidden reaction). Thus orbital "symmetry is 
conserved in concerted reactions. 29 

The fundamental simplicity of this hypothesis has been 
obscured by a lack of a clear understanding of the 
definition of avconcerted) reaction. “The mistaken 
Supposition has arisen that all allowed reactions are 
concerted, and all forbidden reactions are non-concerted. 
As was pointed out by Andrist, this reasoning would render 
the theory irrefutable, since a failure to observe’ the 
Outcome predicted from orbital symmetry constraints in a 
particular reaction could be interpreted as either a 


violation of the theory or as a non-concerted reaction.141 


In the context of sigmatropic shifts, an acceptable 
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definition for concertedness is that there is an equal 
amount of bond breaking and bond formation at all times 


during the migration. 142 This definition does not exclude 


17 


thesrormation *Gbean intermediate. The \Goneertednesstof bond 


breaking and bond formation processes assures orbital 


symmetry control of the outcome, regardless of the existence 


Or lifetime of the intermediate. In previous studies of 
Sigmatropic migration reactions, it has been considered 
adequate to establish that the reaction is intramolecular, 
Since concertedness or a lack thereof is not subject to 
experimental verification. It has been argued that the 
observation of a negative entropy of activation, a 
previously accepted criterion for concertedness in 


Wem 


sigmatropic shifts, is inadequate for this purpose. 
the absence of solvation effects, negative entropy of 
activation 1S indicativesof bond formation }during the rate 
determining stepl44, but does not establish that a bond is 
broken concurrently. Since a dissociative reaction occurs 
with an increase in entropyl45, thes entropy wcmi terion isms 
useful method to distinguish between dissociative and non- 
dissociative rearrangements. 

As mentioned in the introduction, fluxional rearrange- 


ments observed in o-cyclopolyenyl metal compounds can be 


considered) as¥ail series! of: sigmatropice migrations.» Before 
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Considering sthemcyvclicesvetems,. it ics (instructive .to clarify 
the concepts and terminology employed using acyclic polyenyl 
Systems anda migrating group (G) having only a p_type 
Orbital available for bonding. The highest occupied 
molecular orbital (HOMO) of the polyenyl fragment can be 
used to predict which carbon atoms will have favorable 
(bonding) interactions with the migrating group, and the 
stereochemical consequences. Only suprafacial shifts are 
considered, since antarafacial shifts are considered to be 
impossible in small and medium sized cyclic systems, 146 The 
predicted shifts for a pentadienyl system are [1,5] with 


werent oneand.|.,3)]) with ianversion. 


[1,5] retention 


a [ie elrinversion 


As was pointed out by Anastassioul4’, predictions based 
on acyclic polyenyl systems cannot be directly generalized 
to the cyclic systems since the cyclic 1 interaction due sto 


the development of a p orbital at the migration origin is 
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not accounted for. In a cyclic system, the HOMO must be 
chosen from an energetically degenerate pair of molecular 
orbitals. A procedure for choosing the correct MO has been 
Outlined by Salem, based on the use of simple perturbation 
theory.148 The predicted pathways of sigmatropic shifts in 
various cyclopolyenyl systems have been summarized in a 
review by McKinney and Haworth.149 he result for a o- 
cyclopentadienyl system is that [1,5] sigmatropic migrations 
are allowed if the stereochemistry of the migrating group is 
unchanged, while [1,3] shifts with inversion are also 


allowed. 


flv Sierevention 


[1,3] inversion 





The «migration tosthe adjacent. carbon with retention ,of 
stereochemistry liswconventionally termeday{1 75] tshit e7pin 
keepingewhth the gacy.cl bewnomenchatures TOrecoursemin ethis 
CyCMLousystensa wil, SINNShIit! icwiequivalentetoeamh,Aziiesh iit. 
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the HOMO leads to the conclusion that there are three 
allowed pathways for sigmatropic shifts in a 


cycloheptatrienyl compound. Once again the nomenclature 


[Leva [2 64 
inversion 


(ie oeretentaon 





used here is consistent with the acyclic notation. Equally 
Cor nect stermurologyemoul ditber [ds, 2) sora[ly, 3lershiits® with 


enviensmony ands [ler )]ieshritse with retention. 


B. o-cyclopolyenyl Metal Complexes: Previous Results 


There are a large number of o-cyclopolyenyl complexes 
of the main group and transition metals and their fluxional 
properties have been intensively studied by many 
investigators. Cyclopentadienyl compounds are by far the 
most) Nume rouUssIGr OUD. meeASsinotedriin (Chapter D,etithestiresc 
example of fluxional behaviour in a compound of this type 
was reported by Piper and Wilkinson in 1956.12 The compound 
(OsH cyipHeeGOm was prepared and a structure containing one 


pentahapto and one monohapto ring was proposed, based on 
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infrared spectroscopic evidence which indicated the presence 
of a o-bonded cyclopentadienyl ring. However, the room 
temperature ly NMR spectrum of this compound showed only two 
Singlet resonances. This observation was interpreted by 
these authors as the consequence of rapid migration of the 
metal around the o bonded ring, which led to time averaging 
of the signals expected for this group”. 

Subsequent analysis of the ly NMR spectrum at various 
temperatures by Cotton and coworkers showed that the 
expected AA'BB'X spectrum for the monohapto ring was 
observed at -80°C.193 on warming, these signals broadened 
and ultimately coalesced to give a single resonance, 
confirming the earlier observation. Confirmation of the 
proposed structure was provided by an x-ray structure 
determination. Careful examination of the olefinic region 
of the +H NMR spectra revealed that the collapse of these 
Signals was not symmetric. This result indicated that the 
pathway of metal migration is not random. The two possible 
non-random pathways» ares (1,2) and (1738) qshittsbofs the 


metal. A simple system of matrix notation (attributed to 


* The theoretical basis for NMR line broadening by exchange 
processes is an_extension of the Bloch equations to include 
exchange terms. 50,151 he dey ityation of the necessary 
equations has been summarized. 
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* 
J.W. Faller ) was employed to predict the effect of these 


two different pathways on the observed line broadening of 


the olefinic 14 resonances. In the (G2) shitt pathway 
2 5 1 
i 4 5 
ie ale Sl ba J | bal 
4 2 5 
3 i 


the Hj 3 protons are exchanged only half as often as the 

v 
Hy 4 protons, so this resonance is expected to be less 
broadened. Once the olefinic resonances have been assigned, 
a choice of pathway can be made. This methodology is widely 


applicable to the determination of the pathway of site 


* 
SeemLe te Lo4yLOr saneanecdotaly account Of «the (carly 
development of this field. 
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exchange. in every =casesexamined to date pf” al¢l;2) metal 
migration has been observed, 155731 

Studies of this type can reveal the pathway of site 
excnancde, but Lurthemmeintormation is required for the 
deduction of the mechanism of the process. In cases where 
the metal has an isotope of appropriate nuclear spin, 
coupling between the hydrogen (or 13¢) nuclei of the 
cyclopentadienyl group and the metal which is retained in 
the high temperature limiting spectrum is evidence for an 
intramolecular process. For example, the intramolecular 


nature Jot tthe metal migration in (nt-C5H.) Pt (CH3) (cop) +6 


has been demonstrated by this method. 


Compounds in which the metal center is asymmetric allow 


the stereochemistry of the migration process to be 


investigated. The metal migration in (n?-CsoHs)-( ON) [S5CN(n 


Bu) 5] Mo( nt=C5Hs) was ssnown sto, occur sVia (0; 2)i shifts with 


Eokentionion®h thegconiigurationsof the migrating #metal 





group.197 Asymmetry at the metal center has the further 
benefit of simplifying the problem of assignment of the 
olefinic resonances in the 1H NMR spectrum. The chemical 
shift differences between diastereotopic proton (or 1c) 
pairs increases with proximity to the asymmetric metal 


center’, Reteneion sot configuration during sam; 2) ™=metal 


* . . . . e . 

This generalization can only be verified by decoupling 
experiments which are sometimes inconclusive. To date, no 
exceptions have been reported. 
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migration has also been demonstrated in (n?-CsHs)- 


Re(CO)(NO)(nt-cone) +17 


Asymmetric migrating groups have been employed in the 
study of silyl group migrations in organosilanes such as 
(n4-CoHe) SiHC1(n-Bu), (33), which was found to undergo silyl 
gqroupemigratlonawith» retentions ofsconfigurations|] Onsthe 
basis'’of this jresult, it was claimed that “the fluxional 
PLOCcSssemnepe | (and@perhapsminwallyrelated 
monohaptocyclopentadienyl metal compounds) is correctly 
termed a concerted [1,5] metallatropic rearrangement with 
conservation® ofsorbital symmetry." 128 No evidence for 
concertedness or intramolecularity was presented. 

As mentioned in Chapter I, fluxional behaviour was 
observed in (7-n1-CjHZ) SnPh3. A (1,4) shift pathway was 
observed29 and later confirmed>® in this compound. The 
intramolecular nature of this rearrangement was established 


by a determination of the activation energy for Sn-C bond 


homolysis, which is substantially higher than the activation 
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energy for the metal migration. 29 If this migration is 
concerted thenitthis “process! isan ‘example’ of Mar "[1 5) 
sigmatropic ‘shift. ~- Similar [1,5] proton migrations have 
been observed in cycloheptatriene itself£l59 ana 7- 
substituted derivatives CoHZR (R= phi6d, Mel61, OMe 162, 
etc.). A [1,5] methyl group migration was observed in 


3,7,7-trimethyl-1,3,5-cycloheptatriene. 163 
C. Scope of the Present Studies 


Currently available results for main group and 
transition metal o-polyenyl compounds are all in accord with 
expectations based on the conservation of orbital symmetry 
expected in concerted sigmatropic migrations. The objective 
of the investigations presented in this chapter is to extend 
the available data to include monohaptocycloheptatrienyl 
compounds of the transition metals, with a view to 
understanding the mechanism of metal migration reactions in 
which the migrating group possesses molecular orbitals of 
substantial d character at accessible energy levels. 
Although such cases were not dealt with explicitly in the 
Original formulation of the principles of orbital symmetry 
conservation, this principle 1s: ofscourse applicable =to 
these systems, provided that the symmetry properties of the 


OLbitals are, taken winto account. 
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Since there is no evidence to the contrary, it will 
assumed throughout that the observed rearrangements are 
concerted sigmatropic migrations. This assumption is 
reasonable, but unfortunately it is not subject to 


experimental verification. 
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Section Il. Fluxional Processes in (7- nt-C5HI) Re (CO). (5) 


A. The Pathway of Metal Migration 


The 1H ana 13c NMR Spectra or 5S (secs Pigures 11 i and 
IV) at ambient temperature show no evidence of line 
broadening indicative of site exchange. The ly NMR spectrum 
of 5 at 90°C (dioxane-dg, 400 MHz), shows substantial line 
broadening of all resonances, with the H3,4 resonance least 
affected ( WiVpr = 20 RAZ tor H3 47 tue 40 Hz for Hj 6 and 
abby ais) Using a matrix representation of the seven sites of 


the cycloheptatriene ring, the effects of (1,2) versus (1,4) 
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metal migration on the linewidths of the olefinic resonances 
Canwepespoeducted wines ( 1, 4) eshlitepathwaymecxcnang esmuneisg,:> 
positions only half as often as the other olefinic sites. 


The (1,2) pathway exchanges the 3,4 site less rapidly than 
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CiewZ oF OLr t,o sites and vis thus consistent with the 


observed linewidths. 


Bigs, 


Since 5 is thermally unstable, temperatures which allow 


the observation of line broadening also cause rapid 
decomposition of the compound to ditropyl and Re 54(CO)j9- 
The olefinic resonances of ditropyl partially obscure the 
Signals due COm peice adUalatallvesouservaciony thate(),2) 
metal migration is occurring can be made, but reliable 
quantitative data regarding the rate of this process could 
not be obtained. 

Exchange processes which occur too slowly to cause NMR 
line broadening can be studied using techniques such as 
isotopic labelling.159 Recent improvements in NMR 
instrumentation have allowed the use of a double resonance 
technique known as spin saturation transfer to obtain 
similar information. This method is applicable in cases 
where the rate of exchange is comparable to the rate of 


longitudinal relaxation of the nucleus used for observation 


(as expressed by the spin-lattice relaxation time ay Jee etn 
these cases, two sites linked by an exchange process can be 
identified by saturation of one site and observation of an 
intensity decrease at the site with which it is 

exchanging. The decrease in intensity results from the 
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the exchange process. 

Mhestheoreticalebacis for quantitative determination of 
rate constants from experiments of this type is the mod- 
ification of the Bloch equations due to McConnell.1!51 the 
first experiments in this area were carried out by Forsen 
and Hoffmann. 164 Subsequently this technique has been 
applied to a wide variety of problems. A readable general 
account of the method with applications and examples is 
available, 165 

In the case of compound 5, qualitative confirmation of 
the pathway of site exchange is readily obtained by 
Saturating the resonance due to Hoe with@assecond@Re field. 
The intensity of the H) ¢ resonance decreases, indicating . 
that these two sites are exchanging with Hy via a (1,2) 
eaigtepathway. § The decrease in Signal intensity at the Hy ¢ 
site can be quantitatively measured by using a difference 
spectrum (see Figure XX). In this procedure, a normal 
SpecenimeOL Sls stakenswith the Saturating) ‘field jon, butgnoe 
centered on H7. A spectrum is then taken with saturation of 
Hj and the two FID's are subtracted to give a difference 
FID, which is then Fourier transformed to give a difference 
Spectrum. THis vallowsethe intensity decrease (tombe 
quantitatively evaluated by integration against an internal 


standard. 
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Rate constants are readily derived from the size of the 
decrease in signal intensity and a knowledge of the Tj 
values for each proton in the molecule (it is not necessary 
to determine the 1D of the nucleus being saturated). Since 
three metal migration pathways are possible, three rate 
constants (kj 9, k 13 and kj4) are considered (k is defined as 
a one-way rate constant’). The parameter which must be 
measured is the z component of the equilibrium magnetization 
(MZ) at each site, in the presence (M;) and absence (M8) of 
saturation. The equilibrium magnetization is proportional 
to signal intensity, provided that full relaxation can occur 
between observation pulses. This condition is met by using 
alidelay. of) atj least: (5 &%& ye Oe cweenm= pulses = thor Glie 176 
site, with saturation of the H7 resonance, the time 
dependence of MZ (16) is given by a modified Bloch equation 
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* The total rate at which the metal leaves site 7 by (1,2) 
shifts is given by 2k})5- 
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imilar equations apply for M7 (2,3) and M2(3,4)° At 

equilibrium, dM, /dt = 0. With ee iL aie arbitrarily defined 

as 1, this equation can be simplified and rearranged to give 


equation 46. 
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A set of three equations with three unknown rate constants 
describes this system. Input of measured My values allows 
all the rate constants to be determined. The details of the 
derivation and solution of these equations are given in the 
Appendix. 

Pes cudymOLe tne ls2)mme talemigrations ing osats various 
temperatures in dioxane-dg has been carried out (see Figure 
XXII). The results at the lower temperatures show that the 
Saturation Of H7 leads to an intensity decrease “at vH] ¢- 


The higher temperature experiments show the effect of 
successive (1,2) shifts, which are manifested by intensity 
decreases at the 2,5 site and to a lesser extent at the 3,4 
site. Solution of the set of three equations describing 
eG M7 (2,5) and Mz (3,4) gives values for the rate 


constants K}5, kKi35 and kji4 at each temperature. The results 
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FIGURE XXI. li SST difference spectra (Ho saturated) at 


various temperatures (dioxane-d,) . 
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of this process, along with the Me and T, values used in the 
Calculations, are tabulated in Table 1X. The rate constants 
k,3 and k)q4 were not significantly different from zero. 

Rate constants were also calculated using the results 
of the SST experiment depicted in Figure XX. A value of ki 2 
= 2.84 x 107%sec7! for 5 in methylcyclohexane-dj4 at 298.2 K 
was obtained. This is 10% higher than the value obtained in 
dioxane-dg at the same temperature. Thus it can be 
concluded that the rate of metal migration is not 
substantially affected by this change in solvent. 

The precision of these values for k,5 is affected by a 
number of sources of error. There is uncertainty in the 
temperature, in the determination of relaxation times Cees) 
and in the evaluation of M. for each site in the ring. As 
Outlined in the experimental section of this chapter, the 
probe temperature was carefully determined with a calibrated 
LheLmestoOn and Ms accurate, to +80:1°C. The probe 


temperature varies less than + 0.1°C under the experimental 


conditions. 

Relaxation times were measured using the conventional 
(n-1- 2 —5xT, )pulse sequence. The precision of this 
procedure was estimated to be + 5% (2 standard deviations) 
by Levy and coworkers.166 Due to superior field homogeneity 


of the superconducting magnet used in our experiments, the 
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precision may be improved, but no systematic investigation 
of the precision achieved in the i determinations has been 
Carried out. An indication of the precision of these reults 
is that the relative order eae T1(3,4) is maintained 
at all temperatures studied, although the two values differ 
Dye OUUVeCae te nel yesm snow a linear, dependence on the 
temperature except at the upper limits of the temperature 
range, where averaging due to the exchange process causes 
some deviations. The values listed in Table X are the 
result of a linear regression analysis of data from 288.4 K 
Ome l 2 oa We 

Evaluation of My depends on precise integration of 
difference spectra. With the proviso that phase anomalies 
are avoided and that an adequate signal:noise ratio is 
obtained, integration of the difference signal is believed 
to be precise to 4+ 5%. These integrals are evaluated by 
comparison to an internal standard provided by the ore 
which is saturated. 

The uncertainty in the rate constants determined by the 
solution of the three simultaneous equations can be roughly 
calculated by varying the inputs accordingly. The worst 
case in which a 5% error in the T,; and a 5% error in the 
integral reinforce each other leads to an 11% change in k)5. 


Activation parameters for the (1,2) metal migration in 
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5 were obtained from an Eyring plot of the data of Table x 


(see Figure XXII). Values obtained were AH* mene 6 Olt Ue 


+$ 


kcal mo1l~t, ite "Sy GS) alt £2 shee Koa bite Ne 19.5 + 1.0 kcal 


+ = 
300 
mol~!, The uncertainty limits correspond to one standard 
deviation in the slope based on a linear regression analysis 
employing program ACTEN. This program accepts 

errors in both k and T and propagates these errors through 
to the calculation of the slope. In this case, the inputs 
We ELom oat l Ot andelet 80. 2°C.8. Although the AG+ value is 
probably fairly reliable, the entropy of activation is very 
approximate, since the data cover a narrow temperature range 


and the ast 


value is derived from an intercept which is the 
result of a very—long extrapolation. 

There are two potential sources of error in this 
experiment which arise from using lu, which has 99% natural 
abundance, as the nucleus of observation. The protons 
involved are in close physical proximity and highly coupled 
to each other. When the resonance due to H7 1s saturated, 
there is a possibility of spurious intensity enhancement at 
Has due to the nuclear Overhauser effect (NOE)167, as well 
as the possibility of propagation of demagnetization to 
other ring protons via spin-spin interactions.168 It is 


experimentally impossible to distinguish NOE effects froin 


spin saturation transfer due to chemical exchange if both 
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are occurring. In the absence of exchange, NOE effects can 
be detected. In the case of 5, there was no observable NOE 
effect and no chemical exchange effects at 288.4 K. 

The possibility of NOE effects between H7 and Hy ¢ in 
compounds of this type cannot be dismissed, since such 


effects were observed in (7-nt 


— 2 vig) 2e (CO) 7PMes and other 
Piospiinewsubstitutedrderivatives of 5 (see Section Il of 
this chapter). 

The potential problems can be avoided by using a 
magnetically dilute observation nucleus, such as 13¢, 
mlux?onal processes "ine > were studied by 13c¢ NMR at 100.6 
MHz in THF-deg. (The complete temperature range used was not 
accessible using dioxane-dg. ) 

The determination of 13c T)'s in 5 was complicated by 
he wfact that the Jy, of C7 is =quite™ short (ca. 0:5 sec) 
compared to those "or the olefinic carbons’ The exchange 
process causes the observed T) of C, ¢ and Co 5 cOmbe 
reduced at the higher temperatures (see Figure XXIII). The 
T, values show a linear dependence on temperature in the 
Hange 9275.8 “K to 291.7 Ke A Linear reqression analysis oz 
this data was used to obtain the T)'s at higher 
temperatures. 

Decoupling of 13¢ was achieved by using an external 


frequency synthesizer (see Experimental Section). Probe 
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temperatures were calibrated as in the case of the ly probe, 
and are constant to + 0.1°C. Saturation transfer effects 
were detected by recording difference spectra, as described 
in the preceeding section for ly experiments. Any one of 
the four 13c resonances due to the ring carbons can be 
Saturated. An example of a saturation transfer experiment 
with saturation of the C304 resonance is shown in Figure 
XXIV. The difference spectrum clearly shows that there is 
Saturation transfer to Co 5: consistent. with a (152) 

Siti me CNcmce i smnomdecreace in the intensity of the C) ¢ 
resonance. The effectiveness of the subtraction procedure 
is demonstrated by the lack of residual signal at the Cj ¢ 
position. Another important point to note is that complete 
Saturation of the Ca resonance was achieved (middle 
spectrum). Since the difference signal due to C34 is used 
as the internal intensity standard, complete saturation is 
Cructak to the accuracy, of the quantitative results. 

A series of difference spectra were recorded at various 
Lemperatures, with ssaturation of Co. A selection ots these 
Spectra are shown in Figure XXV. As expected, the largest 
intensity decrease is observed at the 1,6 position. The 
intensity decrease caused by two successive (1,2) shifts is 
smaller and the effect at C304 TSmesiialslc was taele 


The values for M, , T)'S and the rate constants 
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145 ieee) eas) Paes) 
PPM (TMS = 0) 
FIGURE XXIV. wee SST difference experiment on 


(7-1 -CoH,) Re (CO) seg) Wists Unejey ieyepaanat b 
spectrum. Middle: saturation of C, 4° 


Bottom: difference spectrum. 
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obtained from these experiments are listed in Table XI. As 
in the case of the proton results, k,3 and k,4 were not 
SignimicantlysdaifterentmLrom Zero. 

The sources of error which were discussed for the 14 
measurements also apply to the 13¢ experiments. NOE effects 
and spin-spin interactions are eliminated. There is one 
difference in the experimental conditions which may have an 
erfect on the accuracy of the results. | As noted’ in the 
experimental section, the 13¢ decoupling field was generated 
by an external frequency synthesizer, not subject to direct 
computer control. Manual switching of the decoupler 
Frequency between the on and off resonance modes was 
required. In the proton experiments this task is automated, 
so the saturating field was switched from on resonance to 
off resonance every 4 scans to minimize problems due to 
Pieladesdvitt. ana temperature variation. | In the 13¢ spectra, 
the decoupler was switched only once, at the halfway point 
in accumulations of 100-300 scans (1-3 hours). In some of 
the l3c¢ experiments, poorly phased difference spectra were 
obtained. These results were disregarded and the 
experiments were repeated. 

AnMBYrINgG —pDlOt=OoL the srate constants frome TabiesxXieis 
Shown in Figure xXVi..) The activations oarameters swere 


obtained as previously discussed. Input uncertainties were 
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Kj> +t 10% and T+ °0.2°. The activation parameters obtained 


fFOrathes(l,2)emetal migration in a Le msaG =y ajar) £5 TURNS) 


+ 


& 
300 
keal mol-+, AH* = 18.1 2 0.5 kcal mol-! and aS* = -2.4 + 1.5 
eu. The activation parameters for this process obtained 


from ly experiments were: AG SARIS ES UAT) tekeul 


+ 
300 
ih - -l che 200 
Oto Eien Oo ect ey ee Ca MOL and AS* = -5.0 # 3- 
eu. The free energy of activation obtained from the 13¢ 
measurements is slightly lower than the result obtained from 
the proton experiments. Since the 13¢ experiments cover a 
Slightly greater temperature range and are based on 


observation of a magnetically dilute nucleus, they are 


probably more reliable. 


B. Carbonyl Exchange and the Mechanism of Metal Migration 


Ase DOIntedsoutmingtne: introductswonmto this Chapter, 
information concerning the pathway of metal migration can be 
obtained by observation of the pattern of site exchange. No 
information regarding the mechanism of the rearrangement 
process can be obtained in this way. Further data is 
needed. 

mhe activation energy tor homolysis of the Re-¢€]sosbond 
iieo was) determined) tombem26.5 kcal mo1~+ (CChapteinns ls) sr 
This value is substantially greater than the measured 


activation energy ot 19.5 kcal mol~! for the (a2) metal 
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migration. Thus a dissociative mechanism can be ruled 
Out. Similar arguments were advanced by Larrabee! to 
establish that the fluxional behaviour of Ph3Sn(7-nl-C4H>) 
was the result of an intramolecular process. 

simncegthe metalemigration@inn5 isfintramoveculan;y it 
will be assumed that it is also a concerted reaction and 
that orbital symmetry restrictions should apply. On this 
basis a [1,5] metal migration, as observed in Ph3Sn(7-nt- 
C7H7) would be expected. The similarity in solid-state and 
sOlUCION Structures between > and this tin compound were 
pointed out in Chapter II. There is no geometric constraint 
Crmom it leva calem Graton ne >. tne observed" [l,/) metal 
migration in 5 is not consistent with expectations based on 
Pagiicipation OfagcinglesRinvarlanteogorbital of tthe Re(CO)- 
group. The observed migration must involve orbitals of the 
Re(CO); group of other than o symmetry. The energy ordering 
of molecular orbitals for molecular fragments of the type 
MQ@CGO),, Navesbeen (the subject tof theoretical (study by Elian 
and Hoffmann.!169 In the case of the Mn (CO)ic feagmenty the 


HOMO is an aj orbital of o symmetry (predominantly daa 





These pcalculations@anemequally applicable topRe ("éO)ic 





. £05 ae | | a 






bolus od eo na f OR svideivoesib s avdT ',wolis 
- 7 , 
ssosuted vd teensvbe S7ow einsomupTts sel imte ug 


sobvaned tanodsuds sit send deitdedae im 


. aera 2 
ee selooetonnsint m6 10 Jloeez ond esw ang 
. wy Loan I 3! =, Mf GOLMeap si fasem od eonte | 
| soow 6 befs si ok taeda bomuaes oa Iity — 
bivedta enoOvicigeses vystonmye Isjiduo +ead 7 
syyoaudo ax ,folsevein tezom (2.{1 6 eiaed ce 
ilialiats ott .6Sd0mpe od Slvow eleHyd. 7 
js 
OCU ‘+ eid One * ASawtedd eetvsoesss noiduloe a 
3 ~seuny viseenseh om 2) onomt .1D Sesenie Bs see bssn Log 
hey yanoo any cE sqtserple iseia {f@,f] # no 
: 
sc 8 a 7TOeUsS It “yyy aALenoo 2a0 et < ak. nolss spies 
F asiagvek elenia © fo mobsegiotsaag 
» 4 elejidzo avievel sei eeiteness  baveeege eiT .quogp 7 
outuebto yprads en? .yudsnye e een? Taise 2p, Geese 2 (09) 98 ios 
: 
t nia dolew 3a1 wisdi Sao sa lucetom *- . 


nebia. yd youse lesicazeeis io seeteun ss need. oved ake 


of) <SHempeTa plOD)oM ef? I> Beso oi) al 23! aaemiion & 
sys 


Wat glteenlaoh eng) var ame o to Isshdvo ps ne at ¢ Mow 


fn 


nae 


I 7 _ 
Par : =. 
, 


2 


fragments. 170 

The involvement of e type orbitals (d,, and dyz 
hybrids) in the transition state for metal migration would 
seem reasonable, since calculations show that a slight 
distortion of the Re(CO)5 fragment could render these 


Orbitals energetically similar to the aq Oroita las An 


increase in 6 to approximately 110° is required to 


sh ea ARIE the 
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equalize the energy of the au andmesOLrbitalsh a. the 
interaction with the HOMO of the C7H7 fragment is depicted 


in Figure XXVII. Such a process would render the observed 
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[1,7] shift symmetry allowed, and it would also exchange the 


axvalecO group with one sotstherequatorials COsgroups. aminas 


exchange process should be occurring at the same rate as the 


metal migration, and should be detectable by a 13¢ ssr 
experiment. Such an experiment has been carried out. 

The saturation of the 13c resonance due to the axial 
carbonyl group of 5 causes a decrease in the intensity of 


the signal for the equatorial carbonyls. The rate of 
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Proposed transition state geometry for the metal migration process in 
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exchange was calculated using the formula: 


oO oo 
M -M 
a Wy eee a 


o T 
Mz (eq) mca) 


The equilibrium magnetization of the 13¢ nuclei in the 
equatorial positions is designated MZ (eq) in the absence of 


Saturation and Teva with saturation. Theme taCtO GeO PeelouL 


allows for the population difference between these two 
is 


Seo mm omic ri Nit) OnmOLmthicehate OL exchange, Kk. y 


consistent with the definition of kj2 aS a one-way rate 
constant. Since metal migration in either direction causes 
carbonyl exchange, Gar should be twice Kio: 
his O46 aK eee Ty of the equatorial carbonyl cation 
PSeo sec, O1ying Key = WPS! cecmae The expected value 
1 ONS ae at this temperature is 0.38 Secuss When the same 


IS 


C SST experiment was carried out using CH ~Re (CO) «, no 


4) 
SST effect was detected at 308 K. 

Thus we conclude that the observed carbonyl scrambling 
Hig eloeatecOnsequcicesOmaLne metalemigraction wee iespLOpGscu 


Mechanism 1or the (2,7) shistein) > 2S 91n accordswithsorbical: 


symmetry predictions and with the experimental observations. 
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section III. Spin Saturation Transfer Experiments on 


AC gn SE 


Two phosphine substituted derivatives of 5 have been 
studied by ly NMR SST experiments. These are the tri- 


methylphosphine substituted tetracarbonyl lie andethesdnpe 


derivative le 


2 O 
C 
So. | oe on | _7PMe2 
Ré Re | 
* 
Me3P Co gf ‘pme. 
il i5 


Saturation of the He resonance Of wll or elo) ate237/eketed 
LOmauminICLCasem Um LncmntLCnsi ty Ot Mtoe Him, signal, 
presumably due to an NOE effect.167 There was no evidence 
LOGmalmMoOSoLeeCLLeCCUmatc mathe H2,5 or H3,4 resonances. Since NOE 
enhancement of signal intensities depends on dipole-dipole 
(ie ly-1ly) interaction, the effect is critically dependent 
on the distance (cr) between nuclei. The size of the effect 


TompLOPOLULONGamLO i ,167 Replacement of one or more 
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carbonyl groups in 5 with phosphines presumably causes some 
Slight change in the conformation of the cycloheptatrienyl 
ring, leading to a smaller separation between H7 and Hj \¢6- 
The lack of observable SST effects exhibited by the 
Hons and H3 04 resonances indicates that metal migration is 
quite slow at these temperatures. Phosphine substitution 
seems to have increased the activation energy for metal 
migration. More definitive information could be obtained by 
employing 13c¢ as the observation nucleus. Since the 
Guantitaeccmort limand |S available are lamited,/ this has not 


yet been investigated. 
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Section” 1V- Metal Migration in CpRu (CO) 5(7-nl-C5H,) (23) 


Although no crystallographic data is available for this 


compound, the value of 7.8 Hz for the vicinal coupling 


constant 354_4 Lseconsictentuwith Qaa, The struckurecof, 23 


OG. 
eo Ru H oC 
4 ee 4 / 
3¢\s_ 6/47 4 3 sey 3 
2 1 2 1 a 
23a 23b 


May. be a. rapidly exchanging mixture of 23a and, 23b, ,with,23a 
Peecdominating. SAS @ was) the scase with 5,_ there ware no 
geometric constraints on the pathway of metal migration. 

The ly nMR spectrum Of 2351 Sp shows in igure. xi1. 
Saturation of the resonance due to H7 (298 K) causes an 
intensity decrease at Hy 6° Ho,5 and H3,4- The size of the 
effect at H354 16m no” cong icten taw.1 Cigale 2s et oe Ones 


Due to the potential problems with NOE effects, further 
experiments were confined to the use of magnetically dilute 


13¢ for observation. 


The 13c NMR Spectrum OL p23 iS very asaml bar to ethat 











~VOs 
“ =f) (OO tamu? rl nebteygsn 1673M VI nolioe® 
ei ets sidyezpelfaseyso on mpuongeA 


ets eco wa #.T © eolav of? ,Bavogneo 


metzeieazno® ef cup oe jnsJenos 


x J 
_— —s I eS 
s r os 
c act 
a : ile 1 syvoedn eripperoxe Glidger 4°od yea 
an gts i iw #2680 wit ace 24 .pabssnimoberg 
PoOtIsipia lejem 10 YeOur | st) “© eorlewvieanes si vsomose 
LEK @ter li ot nvwode al Cf 30 moitaeqe PM H! eT - 


he waseen (A Ses) aW rat oth aanaroecs sit 36 noljse 7uI26e8 





#19 2 onle at? -y cl Boe aye says 2% onmereeb yslenagnd, - 
dfide (i,{) = Maw snegetenes son af gop 26 Jneaie, 






an 
me 










_ 


” 
- - ' = * i 
oF 


> Gaia ee Pe 


208% 


Observed for 5. The results of an SST experiment with 
Saturation of Cz are shown in Figure XXVIII. The difference 
Spectrum shows that the largest intensity decrease is at 
C16: There is also an effect at Cars and C3 04° Litas 
eee onecOmearinge thismresult. to sthose obtained for 5 that 
somempaliways Ine additionmtoe the (1,2) shitt observed in 5 
must be exchanging C5 with Gs and C3,4° 

Analysis of a series of spectra at various temperatures 
showed similar effects (see Figure XXIX). The observed 
intensity changes are tabulated in Table XII. The 
measurement of T,'s in 23 was hampered by exchange averaging 
at higher temperatures. As observed in 5, T, for C7 is much 
shorter than the others, leading to a deviation from 
Miearmity eat stheshighermLtenperaturech ag the )T, %s listed in 
Table XII are the result of a least squares fit of data from 
poOUP>ehmtON2¢>. 4uke (ee pOInts). Values for higner 
temperatures were extrapolated. 

Pies calculation =Omerate Cons tants snotmathe  metar 
migration was Carried out as described) for compounds >. 
iipeem rate "Cons tantsek 578 Kk) > sandecyy4g Were considered. The 
solution of the three equations describing the magnetization 
transfer gave non-zero values for k)5 and kj,4 at all 
temperatures. The values for k13 were not significantly 


different from zero (see Table XII). 
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6 (ppm, TMS = 0) 


note SST difference experiment on 


CpRu (CO) . (7-n"-C5H) (THF-dg, 279.0 K). 


Top: normal spectrum. Middle: saturation of 


Cl: Bottom: difference spectrum (* = 23 
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An Eyring plot of the rate constant data is shown in 
Brgures XXX jee hem plotror nupyledee asmas fLunctionsorei/o is 
linear. The analogous plot aa k 14 is somewhat more 
Prati cy abut eon ly sonempointe (262.2)K, markedewith an 
asterisk in Figure XXX), was considered to deviate far 
enough from a linear relationship to warrant omission from 
the calculation of the slope. Activation parameters 
calculated for the (1,2) metal migration are act = 18.4 + 


300 
$ 


Oe5akcalimol-+, AH? =20.5 4 0.4 Keal mols! ana As* = 


i a eo, RRS SS Gh oy antes ene = i & 44 meal seu” 


Ame 2148 22054 kcal ele, AST =O Otol. 46 CU sel he 


uncertainty inputs for this calculation were k + 10% 
anemia 0.22C.  elhissestimate of the uncertainty in vk is 
based on the assumptions outlined in Section II, i.e. Ty) 
eos andsa Similarsuncertainty in thevintegral’ of 


Poem bEeGence spectra me ASeNOLeC sine chescaSe@Or. 5), 


$ 


the AG” values quoted here are probably accurate, but 


+ 


the AS” values are not reliable. The AG values for the 


& 
300 
two metal migration pathways are sufficiently similar that 
there is some doubt that the difference between them is 
significant. The Eyring plot (Figure XXX) shows clearly 
that the rate constants for these two processes are 
significantly different. The set of data available is not 
large enough or precise enough to allow calculation of 


activation parameters with sufficient precision to make this 


alstinceion.: 
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PeGURE AX ea spot OL me rate constant data for 
CpRu (CO) 5 (7-n -CoHa). Point marked with * was 
not included in calculation of the slope. 


BEErOrebanrs indicate: k 2+. 20s. 
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The observation of two distinct metal migration 
pathways in 23 illustrates the power and discriminating 
ability of the spin saturation method. To detect a second, 
smaller metal migration pathway by analysis of lineshape 
data,salone would be very difficult, if not impossible. An 
example of a similar problem is provided by (n®-CgHg)- 
EriCOdigen Spingsaturationg transfer,experiments using 13¢ for 
ebcervationmsnovwedmathat bothyaa ly 2),and #173). sShiftewere 
involved in the metal migration around the cyclooctatetraene 
ring.1/1 Previous studies of IH NMR line broadening in this 
molecule had suggested random shifts.1/8 a Clg sieci let 
mechanism was also proposed based on the same lineshape 
data.2° 

Once again assuming that the observed metal migrations 
Tie ome vemt \emresulteoreconcerbedaprocesses, the,observation 
Cppages, 5), SuGmatcopiceashitt ismingaccondsgwithyorbital 
symmetry considerations. The activation energy for this 
process is 3.3 kcal mo171 greater than the most reliable 
Vakbueerepontedatos the, [1,5] metal «migrationyin Ph3Sn(7-nt- 
C4H4).7° The.more interesting observation is that this 
symmetry allowed process is not the lowest energy pathway 
forum metalyMigduationss. m@he (1,7) shift occurs with aslower 
activation energy. This result is explicable in two 


different.ways. it) isspossible, that. the migrating metal 
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group undergoes an inversion of configuration, which would 
render the [1,7] shift allowed. An alternative explanation 
is that there is involvement of metal d orbitals in the 
transition state, allowing orbitals of suitable symmetry to 
become available for bonding. 

The molecular orbital energies in CpFe(CO)5R compounds 
have been calculated using the extended Hitickel method.173 
Studies of compounds of the type CpM(CO)5R (M = Fe, Ru) by 
photoelectron spectroscopy have shown that the orbital 
energy levels are very similar for Fe and Ru compounds.!/4 
The HOMO in compounds of this type is an Bue Orbi va lmotmc 
Silo ehyawiichenaseconstderapliesd 2 character.173 Using 
Pe mocD tla lal One, saticmOnsenveds | ly le shift) ine 23° would™ be 
forbidden. 

Photoelectron spectra of compounds with double bonds 
Suey icmLOmtLNemmctdimcenter, = Such (as CpFe(CO) 5(n+-C3Hs) have 
been reported. It was found that the presence of allylic 
double bonds reduces the ionization potential of the Fe d 
Oroitals,, comparecdatomalkyls suchas Cpke( CO) -CHoe 
Extended Htfckel calculations were employed to interpret 
thescemresulLtSminmtermomor mixing sOtmthes Olctinm? sOonLbi talus 
with metal d orbitals.?/° 

Further data is needed to decide which of the two 


possibilities mentioned above applies to 23. Specifically, 


Siucw doiae .nolbsewetiete Fs foOPaxevni o6 asoptebaw quorR 
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a probe of the stereochemistry at the metal center would 
allow the detection of inversion or retention of 


cOoniirquratlonaduningethes, LL ,7) ametal ~migrvation. 
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SectionavV. Stereochemistry of Metal Migration in 


CpRu(CO)(PMe>Ph)(7-nt-C5H2) (29) 


two) phosphine, substituted derivatives of 23, have, been 
prepared. These are CpRu (CO) ( PMe3) (7-nt-C7H7) (28) and 
CpRu( CO) ( PMe Ph) (7-n!-C3H) (29). Both compounds show 
diastereotopic splitting of the cycloheptatrienyl ring 
nueles., (1H or 13¢) Such that seven separate resonances are 
observed in both cases (see Figure XV for the li NMR 
SspecerumsOfie29, andmhigures AVigstor .the 13c¢ NMR spectrum of 
28). Compound 29 has the additional advantage of having two 
diastereotopic methyl groups on the phosphine ligand, so 
Study has been concentrated on this compound. 

In principle, it is possible to determine the pathway 
andestencochemistrysoremetal mignatiOns in: 2840295 wichwan 
SST experiment. The occurence of [1,7] shifts with 
inversion or retention of configuration have guite different 
consequences for the pattern of spin saturation transfer. 


If the configuration at the metal is unchanged during the 


[1,7] retention Pile einversion 
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shift, saturation transfer will occur to the same side of 
the ring. If inversion accompanies metal migration, 
Saturation will be transferred to the opposite side of the 
Ging. 

This experiment has been carried out. Saturation of 
Ene me omrocsOnanceming 2m leds toraneintensity decrease; at the 
resonance assigned to Greece Figuresxxxm),) indicating that 
the metal migration is a [1,7] shift with retention of 
configuration.” This conclusion rests upon the correctness 
of the assignment of Cy versus Cc, which is based on 
selective proton decoupling of the two carbon resonances. 
The proton resonances involved (Hj and Hs) differ an 
Chemicaleciittebyaonlyaca.al2 Hz (at 400 9MHz)).) Since 
reversal of this assignment would reverse the conclusion of 
the experiment, we sought to verify this result by an 
independent method. 

DiewdlasteLeouvop lca me thy Wegroupsssine 2 0— SOU. dmremadm 
distinct even at high rates of metal migration if the 
conclusion reached above is correct. If the metal migration 
proceeds with inversion, the two different methyl resonances 


should coalesce, given a sufficiently rapid rate of metal 


* 

Assignment of C, versus Cg is arbitrary, but once this 
choice is made, all other assignments follow sequentially 
around the ring (see Chapter V, Section V). 
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migration. 

The rate of metal migration at 308 K was calculated 
from the 13c sst experiment shown in Figure XXXI. 
Saturation of Cg led to an intensity decrease at Cs which is 
related to the rate of metal migration by the two-site 


* 
formula: 





0 es 
cae Wen, 2 Rene a 
Te Mz op 
(Ey) (5) 


Them (Orn er ateu mecremperature is@l.46 sce, givingsk75 = 
9.3 x 1072 sec7l. pata for the rate of metal Migration at 
higher temperatures was obtained from computer simulations 
of the lineshape of the partial ly NMR spectrum of 29 using 
the program DNMR3.7 The +4 spectra were measured at 90 MHz 
with 3lp decoupling. Under these conditions, the Hy 
resonance is a triplet (339 4 = 7 Or Zend cae Se tWwO 
atascereotopicumethyl groups Of 29.qiveutwousinglet 


EeSOnances. 


* 
Thue. 1S a Simpliveication, of eq. 45 atrem, Section li Minywhich 
terms=for=multiple shifts are neglected. 


FONMR3 is the third revised version of a program for the 
computation of ee eee NMR line shapes originally 
developed by Binsch.!/6 fhe program was obtained froin QCPE 
and established at the University of Alberta by R.G. 

Cavell. The general complex matrix inversion routine CMINVS 
was supplied by R.E.D. McClung. 
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The rate of metal migration was’ estimated at various 
temperatures by comparison of the broadening of the H7 
talpleteto calcilmatedespectra (see Figure XXXII). Rate 
constants kj are again defined as one-way rate constants, 
consistent with the practise adopted for calculation of 
rates from SST experiments. An Eyring plot of this data in 
addition to the value of Ky5 = 9.3 x 107% sec7! at 308 kK 
obtained from the 13c ssr experiment allowed approximate 
activation parameters to be calculated. An uncertainty in 
the rate constant from the 13c experiment of + 10% was 
assumed. The rate constants from the lineshape comparisons 
were assigned an uncertainty of + 20%. The quality of the 
Spectra is poor due to extensive sample decomposition. The 
activation parameters calculated from the Eyring equation 


where AG =19.5 + 0.3 kcal mol7!, an* =19.4 + 0.2 kcal 


on 

300 
-1 + 

mol Andwase =O. ste Ue 7. CU. 

The qualitative observation can be made that phosphine 
substitution has slightly reduced the rate of metal 
Mlignatcron. Thesratewconstantsror metal migrationsinm2oear 
S080k is 9.3 9% 10m& seci+. Similar) yalucsmoteky mtaetue 
dicarbonyim@derivative 923 were ,observedgat mucnelower 
temperatures (see Table XII). 


The appearance of the two methyl singlets will be 


affected by the metal migration process if the migration is 
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accompanied by an inversion of configuration. Using the 
definition of the rate of metal migration, kj, aS a one- 
way, pseudo first order rate constant, the rate of metal 
inversion at a particular temperature will be twice kj5, 


assuming that every migration is accompanied by inversion. 
li NMR spectra of the two methyl singlets at various 


temperatures along with the calculated lineshapes based on 
the assumption of inversion occurring with each migration 
are shown in Figure XXXIII. The observed lineshapes are 
Clearly not consistent with the occurrence of inversion of 
configuration at the metal center. There is a small amount 
of line broadening observed at 90°C, but this is attributed 
to field inhomogeneity broadening. The cyclopentadienyl 
resonance of 29 shows a similar amount of broadening at this 
Eoniperacule.mselie sthermal decomposition products folm@eon(sec 
Chapter VI) include [CpRu(CO)(PMe5Ph))5, which forms an 


Orange precipitate from methylcyclohexane, even at high 
temperatures. The broadening of the lines observed in the 


ly NMR is attributed to the presence of this solid suspended 


in the sample. Further evidence against coalescence of the 
diastereotopic methyl signals is provided by the observation 
of a constant separation between the lines. If the observed 
broadening were due to coalescence of these two signals, a 


reduction in separation would also be observed. 
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It is concluded that the metal migration in 29 occurs 
WitLOmEretent lon Of conti guration at the migrating group. . The 
Same mechanism may be operative in the observed [1,7] Ru 
migration observed in the dicarbonyl 23. Both of these 
observations are explicable in terms of conservation of 
Orbital symmetry provided that d orbital participation in 
the transition state is postulated. As mentioned in Section 
IV, a theoretical study of the molecular orbital energy 
PevelomoleCorne (CO) a esystemamhas been carried out.1/3 The 
observed stereochemistry of the metal migration is readily 
explained in terms of the available molecular orbitals. MThe 
HOMO is a 3a' orbital of o symmetry, but there is available 
at similar energy a filled a" orbital of suitable suautient ey 
Compact itate sthe formaliy, forbidden, [1,7], metal 
Migration. The effects of interaction with the wm system of 
RiemcyCLOneptattienyiesting sCOULdeShi Ftmthemroelative energy 
of these orbitals, as was observed in CpFe(CO)5(nt-C.Hs) by 


Labinger.1/° 
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Section VIt Conclus tons: 


The stereochemistry as well as the pathway of certain 
metal migrations has been elucidated. All of the 
experimental observations are consistent with the principle 
of conservation of orbital symmetry. In some cases, a 
consideration of the energy and symmetry of the molecular 
Orbitals of the metal fragment has led to an understanding 
of the metal migration process in terms of orbital symmetry. 

The availability of d orbitals renders the unexpected 
[1,7] pathway allowed and in the case of CpRu (CO) 5(7-n1- 
C5jH7) the activation energy for this process is lower than 
that for theyallowed [1,5] shift employing only o type 
Orbitals. Stereochemical studies of the phosphine 
substituted derivatives of this compound show that the [1,7] 
SivetOCCULS  witherecrention Of configuration, strongly 
implying that d orbitals are involved in the transition 
Stace. 

The results obtained for (7-nt-C5HJ) Re(CO). demonstrate 
the predictive power of molecular orbital calculations. The 
metal migration mechanism suggested by the calculated 
energies of the molecular orbitals of the M(CO)- fragment 
impliedwa distortionsor the pmetaleetragmenCm@duning 
migration. The carbonyl group scrambling —predicted on the 


basis of this distortion was subsequently observed. 
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Section VII. Experimental 


A. General 


CH3Re(CO)5 was prepared by the method of Bae perian / 


All other compounds were prepared according to the synthetic 
procedures outlined in previous Chapters. Samples for SST 
experiments were prepared by vacuum transfer of dried, 
degassed solvents into 5 or 10 mm NMR tubes. After three 
cycles of freeze-thaw degassing, the tubes were sealed off 


under vacuum. 


B. Instrumentation and Methodology 


lay SST experiments were carried out using a Bruker WH- 


400 spectrometer (400 MHz). 13¢ experiments at 100.6 MHz 
employed the same instrument. The field drift of this 
particular instrument is quite low (ca. 40 Hz/day). Direct 
computer control of the second RF field used for proton SST 
experiments is possible using this instrument, allowing the 
difference spectra to be collected using rapid switching 
(every 4 scans) between on and off resonance decoupling. 
This pulse sequence can be automated using a simple 


microprogram sequence: 
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37 HG turn on decoupler 

4 D2 time for saturation 
(Sgexeelay) 

Se 18,8) turn ane decoupler 

we settling delay 

7 GO=3 apply observation 
pulse andicollect FID 

8 NM invert memory 

Ie LOm Ome tI MGs S LOODNtOm2 a omtames 

1 Oper x terminate 


The result of this sequence is that n scans are collected 
with saturation of the resonance of interest and subtracted 
from n scans with the saturating field applied at some point 
off the resonance of interest. The resulting FID is 
processed normally. In the case of 13¢ SST experiments, the 
second RF field for l3c spin saturation was generated using 
a PTS-160 frequency synthesizer (Programmed Test Sources 
Inc.), then tripled and modulated by a Bruker BSV 3BX 
decoupler unit. This synthesizer is not subject to 
automated frequency control, so a slightly different 
mMicroprogram sequence was employed. The frequency of the 
saturating field was manually changed from on resonance to 


off resonance halfway through the experiment. 


+ switch decoupler to off resonance 
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The settings used were: 


PTS=1 60% Level: off 
Standard: External 

BSVem Bx Internal: Comp 22-30 dB 
attenuation 

13¢-l3¢ Decoupling selector switch: ON 


ly Decoupling: BB 20W 07 dB attenuation 


The experimental setup is non-standard, so a schematic 
diagram is included on the following page. 

Spin lattice relaxation times (T'S) were measured 
Usengeeene Standardean, ) 1, > ex T) pulse sequence. The tT) 
values were calculated using the program TICAL (T. 


Nakashima). 


C. Temperature Control and Calibration 

The BVT-1000 temperature control unit will maintain a 
constant temperature to + 0-1°C, but the dial reading is not 
the true probe temperature. Probe temperatures were meas- 
ured with a calibrated thermocouple (Doric 400 Type Cu Con). 


The thermocouple wire was placed in a 5 mm NMR tube 
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Witicd -.l.ml Of sur ae This assembly. was, loweredmingo the 


probe and temperatures read to +0.1°C after allowing 15 min 
£Formecdusala bDratioOn.am Gor Che 136 probe (10 mm), broad-band 

proton decoupling conditions must be used since the decoup1l- 
ing power levels employed causes substantial heating of the 


Sample. »jfhe thermocouple wire acts asa, Rr recesuyerm, So 


meaningful temperature readings could only be obtained with 
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dial 


280.000 
281.000 
282.000 
283,000 
284.000 
285,000 
286,000 
287.000 
288.000 
289,000 
290.000 
291,000 
292,000 
293,000 
294,000 


295.000 


296,009 
297.900 
298.000 
299.000 
300,000 
301,000 
302,000 
303,000 
304,000 
305.000 
306,000 
307.000 
308,000 
309,900 
319,000 
311,000 
312-0900 
313.000 
314,000 
315.000 
316.000 
317.000 
318,000 
319.000 
320,000 


true 


281.65 
282.63 
283,50 
284,57 
285.55 
286.52 
B67. 50 
288.47 
289,44 
290,42 
291.39 
BOY, 
293,34 
294,34 
295,29 
296.26 
Coyea 
298,2 

299,19 
300.14 
301,13 
ee 
303,08 
304,064 
305,03 
306.00 
306,98 
307.95 
308,93 
309.90 
310.88 
311.85 
312.82 
313.80 
Bie 
315.75 
316.72 
317.69 
318.67 
319.64 
320,62 


dial 


258.000 
259.000 
260.000 
261.000 
262.000 
263.000 
264.000 
2465-000 
266.000 
267.000 
268.000 
269.000 
270.000 
271.000 
272.000 
273-000 
274.000 
275-000 
276.000 
277.000 
278.000 
27 Fa OOO 
280,000 
281.000 
282.000 
283.006 
284,000 
285.000 
284.000 
287.000 
288.000 
289.000 
290.000 
291.000 
ay Og 
293.000 
294.000 
2954000 
296.000 
297.000 
298.000 
299.4000 
300.000 
301.9000 
302.000 
303.000 


10 mm 


true 


260.45 
261.48 
262492 
263.56 
264.40 
265464 
266.68 
Aged VM 
268.75 
Ade AS thd 
270.83 
271.87 
Bare a 
273494 
274.98 
276402 
277406 
278-10 
279414 
ZOO. 
281.21 
SELEL GS) 
Bh eheles Mey 
284.33 
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287.44 
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2904656 
291.60 
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29 Ars 1 
27 Dei3 
ay Orava, 
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the decoupler switched off. This problem was avoided by 
allowing 15 minutes for equilibration, then turning off the 
decoupler and immediately reading the temperature. 

The correction to be appied is not constant, but in 
both cases (5 mm and 10 mm), a linear relationship between 
true probe temperature and the dial reading was observed. 
Regression analysis fit the data to a straight line, 


allowing intermediate temperatures to be interpolated. 
D. Field Homogeneity and Probe Tuning 


For both ly and 3c sst Experiments, 10. 1S ‘critical to 
success that the field homogeneity be carefully optimized at 
each temperature used. For 13¢, the probehead must be 
carefully tuned. The standard procedure outlined in the 
Bruker operating manual was employed. If these precautions 
are not carefully followed, poorly phased difference spectra 


are obtained, which cannot be integrated accurately. 
Eee uincegrals 


The integrals of the difference spectra were normalized 
based on C7(H7) = 1- This procedure depends on knowledge of 
the integral ratios of the olefinic nuclei versus the 
aliphatic one. These integrals were measured at only one 


temperature (the lowest in the range). Conditions for these 
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experiments were the same as those used for the SST 


eeperiments (le sS ex T)ebetween pulses)” 


(7-nt-C7H7) Re(CO)5 


CpRu( CO) 9(7-nt-CH7) 


(7-n1-C5H7) Re(CO) 5 


H2,5 


solvent 


methylcyclo- 
hexane-d) 4 


dioxane-dg 


THF-dg 


THF-dg 
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CHARTER geVelal 1 


FLUXIONAL BEHAVIOUR OF TRIHAPTO AND PENTAHAPTO 


CYCLOHEPTATRIENYL COMPOUNDS 


Section: I. Lntcroducie.on 


The fluxional processes considered in this chapter 
involve metal migrations around trihapto and pentahapto- 
cycloheptatrienyl ring systems. The bonding of the metal to 
the organic group in these cases has both 
ao and mn component. The rearrangements observed are not 
SLomatropilc yshitts. 

TieLenare@a large enumber Gheexamplesmor trihapcrocycio— 
hepatrienyl compounds of various transition metals. All 
those reported show fluxional behaviour. In every case 
where the pathway of metal migration has been determined, a 
(1,2) metal migration pathway was found. 31 

The occurence of pentahapto coordination of 
cycloheptatriene is less common. Five compounds of this 
type are known. The first reported example was (n>- 
CzH7)Fe(CO)3", prepared by Pettit in 1964.178 Ca 
C7H>)Mn(CO)3 was reported by Whitesides and Budnik in 
1971.32 Other examples of this type of coordination are 


3 iB) 181 
(n°-c.JH) Fe(n-C1H) 1791180 and (n7-C3H2)Ru(n -CoHy) - 
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All of these compounds exhibit fluxional behaviour, with 
metal migration around the pentahapto ring via a series of 
Gieje sua cts. 

The preparation of (n> CjH,)Fe(CO),SnPh, was described 
by Reuvers.182 The metal migration around the 
pentahaptocycloheptatrienyl ring in this compound has been 


tentatively attributed to a (1,3) metal migration 


pathway. 183 
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Section II. Fluxionality in(n?-C5H5)M(CO), (M = Mn, Re) 


and Phosphine Substituted Derivatives 


A. _(n?-C5H7)Re(CO), and (n3-C5H5)Mn(CO) 4 


The fluxional behaviour of compound 8 has been 


thoroughly investigated by both ly and 13c nmr. the 1H nmR 





spectrum at ambient temperature consists of a single broad 
resonance at 6 4.90. Cooling the sample to -50°C (90 MHz) 
gave the expected low temperature limiting spectrum for a 
trihaptocycloheptatrienyl complex. The resonance of the 
central proton (H5) in a trihapto ring appears at highest 
fielqlOl ( 6&2. 90Rdnw this case). This) Situatvons issreverced 
in the event of pentahapto coordination (see Section III). 
The pathway of metal migration in 8 was readily 


determined by observing the pattern of collapse of the oH 
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resonances as the sample temperature was increased. The 
resonance due to Hs,6 was least affected by line broadening, 
consistent with a (1,2) metal migration pathway. 
Quantitative data on the rate of this fluxional process 
was obtained by recording the 13c NMR spectrum (50 MHz, ly 
decoupled) of 8 in methylcyclohexane-d 4 at various 
temperatures. The low temperature limiting chemical shifts 
were obtained at 223° K. The chemical shifts are unchanged 
in the temperature range 223° K to 243° K. Rate constants 
were obtained at five temperatures between 264.5° K and 
310.7° K by fitting the observed spectrum to spectra 
calculated using program DNMR3. The minimum signal:noise 
ratio in the intermediate exchange region was 10:l. MThe 
estimated uncertainty in the rate constants derived from 
fits procedure is 2 10%... The rate datasis,; tabulated jin 
Table XIII. The probe temperature was calibrated by a 
Similar procedure to the one outlined in Chapter VIII (see 
Experimental Section). The temperature control unit 
maintains the probe temperature constant to 4+ 0.5°C. 
Activation parameters were calculated using program ACTEN. 
Inputs were Kk 2 10%, and) J + 0.5°. 8T1hevactivationpparameters 
Powetie (oly 2) SReeM Lat LOne ne omaiee Aut =) 4.6. te0=2 hCaL 


mol-l, as* = 7.4 + 0-8 eu and agy, = 12.4 # 0.3 kcal mOlLe 
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*cConsistent with the definition previously adopted, the rate 


constant k is defined as a one-way rate constant. 


Another important observation from the 13c¢ NMR spectra 
isthat | the carbonyl .carbon..resonances of .8 remained sharp 
at all temperatures studied. This result indicates that the 
carbonyl groups of 8 remain distinct and are not exchanged 
during the metal migration. This observation is consistent 
with ethe,activationsenergqvyiiotezs6 foexcal mol-1 determined for 
the axial-equatorial carbonyl scrambling process in the 
related compound (n3-C3He) Re(CO),.+84 

Ther phixyLond.. abehayvounsor (n°-C,H, Mn (CO), (3, eis 
Simibareto.,that ~observedsfor 85.4 The ly NMR spectrumsof.3 gat 
room temperature (CD5Cl5, 400 MHz) consists of a single 


resonance at 6 4.90. A low temperature limiting spectrum 
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very similar to that of 8 was observed at -80°C (400 MHz). 
On warming the sample, all the resonances broaden, with Hs 6 
least affected, consistent with a (1,2) pathway for metal 
migration. The only difference between the fluxional 
behaviour of 8 and 3 is thatesehasvagdowereactivationgenergy 
EOnethes (ds 2) ishifteprocess. 

Insufficient quantities of 3 were available for 13¢ NMR 
Studies. The available program (DNMR3) is not capable of 


fully simulating the ly spectrum of 3. An approximate value 


for the rate constant for exchange can be obtained from the 


ly SpeCcrum OLe3 ata2 lank (THF-deg) using a simulated 


spectrum calculated with program DNMR3. At this 
temperature, the lines are broad 23a = PCa emo U—20.000HZ, )a, 
rendering unimportant the contributions to the linewidth due 
to coupling. The low temperature limiting linewidth was 


simulated by using Ty = 0.2 sec. On this basis, the rate 


. -l $ = 
constant k)> at 213 K is ca. 40 sec””. A value of 4G.,, = 
LOT kcal mol-1 was calculated from this rate. This value 


+ 


is lower than the more precisely determined value of AG543 


= 13.0 kcal mol~1! for 8. Due to the uncertainty of 


the ac? 


Value determineds tO 93 ,) ltedis snOtec leat tha tamtMuns 
difference is significant. The qualitative observation that 


metal migration is occurring more rapidly in 3 than in 8 can 


be made by comparing the ly NMR spectra of the two 
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compounds. The chemical shift differences among the 
cycloheptatrienyl protons in the two compounds are very 
Similar. The low temperature limiting spectrum of 8 was 
Obtained at -50°C (90 MHz) while a temperature of -80°C and 
higher field (400 MHz) was required to observe the low 


temperature limiting spectrum of 3. 
B. Phosphine Substituted Derivatives 


The triphenylphosphine substituted derivative of 


=) 
8, (n-C,H,)Re(CO),PPh,, 


behaviour. As observed for 8 and 3, the Hs 6 resonance in 
eas ae v 


(2) also exhibits fluxional 


O 
ie 


the tH NMR spectrum of 12 was least affected by line 

broadening in the intermediate exchange region, indicating a 
(Ua2ershith,pathway ior theltméetal migrations ceRate econstants 
for this process have not been determined, but a qualitative 


comparison of the 1H NMR spectra of 8 and 12 indicates that 


CPS 
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the rate of metal migration in 12 is slightly reduced 


compared to 8. 


The trimethylphosphine substituted derivative of 8 
presents a more complex situation. The presence of two 
Toomerns,; elisa andel3b,, iseindicated by ly NMR and infrared 


spectroscopy (see Chapter IT1). 
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: + 7 oa 
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l3a 13b 





The low temperature limiting ly NMR spectrum was obtained in 
CD5Cl>5 at -40°C (400 MHz). Spectra in the intermediate 
exchange region indicate that the pathway of metal migration 
is a (1,2) shift. At ambient temperature, the 
ecvycroneptatrieny! protons, Of 3a ands l3begive agcingle vel, 
broad resonance centered at 6 4.60. The trimethylphosphine 
protons of 13a and 136 give two distinct doublets at this 
temperature, indicating that l3a + 13b interconversion is 
Noe suLLiclenuly rapid=atetiisomtempeCLaLUuLemLOcause 


broadening of the methyl resonances. This is consistent 
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with the lack of carbonyl scrambling accompanying the (1,2) 
Re migration in Peet soe andl a, etheu tl, 2) eReemigralion 
apparently occurs via a mechanism which does not scramble 
the other ligands attached to the metal. 
The manganese analog of 13 has also been investigated. 
(n°-C)H,)Mn(CO)3(PMe3), (18), also exists as two isomers, 


18a and 18b (see Chapter III). The low temperature 





O O 
, Cc C > 
: : | yo | wee 
~Mn 6 Mn 
cr | —“PMeg 
C 
PMe3 O 
18a 18b 


limiting spectrum was recorded at -70°C (400 MHz). The Hs 6 
resonances were least affected by line broadening in the 
tptermediate sexchangesreqion, .consistentewith ag( 1,2) 
pathway, for Mn migration. A.rough estimate of the rate of 
this process was obtained by fitting of the observed spec- 
trum ate243 0k tosaecpectrumesimulatede tone] jaa ou sec7l. A 
value of ac* = 12.2 kcal mol~! was obtained from this rate 


243 


constant. 
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The appearance of the PMe 3 resonances of 18a and 18b at 
higher temperatures indicates that isomer interconversion is 
Occurring. The two PMe3 doublet signals broaden, coalesce 
and then sharpen to give a well-resolved doublet at ambient 
temperature. The coalescence temperature for this process 
was 263 K. The method of Shanan-Atidi and Bar-Eli for 
estimation of activation parameters from coalescence of two 
Signals of unequal intensity was employed. 185 This 


procedure gave act = 14.9 kcal mol7l. 


VA) 

The estimated aGt values for the DEY 2 allehS) 
interconversion and for the (1,2) shift derived above are 
approximate in the extreme, but some qualitative conclusions 
regarding the two processes can be made. It is clear that 
the rate pielcar fis Dei iterconvers Onmioms. OWer ethane the 
Bacewote(1,2)—)Mni migration. ~Therefore’ the (1,2) shift is 
occurring independently of Age 18b interconversion. 

inthe rhenium analog 13, thes (172)) Re migration was 
observed, but there was no evidence for 13a ¢ 13b 
interconversion at temperaturessup tow303 9K.) lielsa ib 
interconversion does Occur ,eit clearly has a lower rate sand 
higher activation energy than the (1,2) Re migration. 

Based on observations on the four compounds 3, 8, 13 
and 18, the following conclusions can be reached: 


1) The rate of (1,2) metal migration in analogous compounds 
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2) 


3) 


4) 
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is greater for M = Mn than for M = Re. 

The rate of metal migration is reduced when a CO group 
is replaced by PMe 3. 

Dicer abesOtatnem (le 2emotalamigqnattonsin i 3eand 18 iis 
greater than the respective rates of 13a 7% 13b and 18a7Z 
BOOM Ler convers On wm nen two.processes are not linked. 
The rate of carbonyl site exchange in 8 (analogous to 
isomer interconversion in 13 and 18) is less than the 
rate of (1,2) Re migration. 

13a 2 13b interconversion is slower than 18a 7 18b 
interconversion, indicating that isomer interconversion 


rates are greater for M = Mn than for M = Re. 


pe | | 
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Section III. Fluxionality of CpRu(CO)(n3-C5HZ) (25) 


phe gion janalog ofe25, CpFe (CO) ( n3-C7H7) was reported 
by Rosenblum and Ciappenelli in 1969.191 This iron compound 
tS eflLuxionadl, ~withiea (1 .2).i/pathwaysiof.metal, migration. «No 
activation energy has been reported for this process, but 
the low temperature limiting ly NMR spectrum (100 MHz) was 
obtained at -50°c,104 

The 14 NMR Spectrum Ot eZoyatwambient = temperature shows 
a sharp singlet cyclopentadienyl resonance and four broad 
resonances due to the cycloheptatrienyl protons. The low 
temperature limiting spectrum, indicative of trihapto 
coordination of the cycloheptatrienyl group, was obtained at 
-10°C. The resonance due to Hs 6 is least affected by line 
broadening in the intermediate exchange region. As 
previously noted, this observation indicates that the 


pathway of metal migration is a (1,2) shift. Since the low 


temperature limiting spectrum of 25 was obtained at -10°C 
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with a 400 MHz field, the previous observation of a low 


temperature limiting spectrum of CpFe(CO) ( n°-C7H7) etme ac 


(100 MHz) indicates that the rate of 1,2 metal migration in 


these two compounds is Similar. Without further data on the 


iron compound, valid comparisons between the two compounds 


cannot be made. 
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Pecri Only. Fluxional Processes in (n?-C5H5) Re(CO) 4 


As mentioned in the Introduction to this chapter, 
relatively few examples of pentahapto coordination of 
cycloheptatriene to a transition metal have been reported. 
All the reported compounds show fluxional behaviour. With 
One exception the pathway of metal migration is a (1,2) 
shift. The ly NMR spectrum observed for (n°-C7H7) Re(CO)3, 
(9), (60 MHz, acetone-d¢, -20°C) is very similar to the 
spectrum reported tor “the manganese “analog 4. ~The resonance 
due to the central proton of the metal bound portion of the 
ring (H3;) is found at lowest field (6 7.12). The low 
temperature limiting spectrum of 9 was obtained at -20°C. 


The reported low temperature limiting spectrum for 4 was 


recorded at -47°C (60 MHz, acetone-dg).2° The spectrum of 9 


observed at 20°C shows substantial broadening of all the 
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resonances, withthe signal due to ho) least affected. 
This observation is consistent with a (1,2) metal migration 
pathway. Similar results were reported EOCies eerie 
difference in the temperature required for low-temperature 
limiting spectra of 4 and 9 leads to the qualitative 
conclusion that the activation energy for the (1,2) metal 
migration is lower in 4 (M = Mn) than in 9 (M = Re). 
iiCmsuaLen Ores (Uc) erhcminuglLatiOnein 9ewas quantitatively 


determined at various temperatures by fitting the observed 


13¢ NMR Spectram( 22.0 eMHzZ, acetcone—d_-) towcalculated spectra 


(DNMR3). Rate constants were determined for nine 
temperatures between 268° K and 313° K. The minimum 
Signal:noise ratio was 15:1. The probe temperature was 
calibrated and is constant to + 0.5° (see Experimental 
Seclron ys.» ‘lhe rate constant data are tablated in) Table XIV- 


Activation parameters for the (1,2) Re migration cal- 


+ 


culated from this data are: AH =e 14 g0e+ eco KCal mol71, 


1 os le ty Tae Eel Deeiye (oo WR gil oe (58) Ween iaehl 


The reported activation energy for the (1,2) Mn migration in 


NO =~ l45 kcal mol7~1.35 the small 


(n°-C7H7)Mn(CO)3 is 
difference between these values is of dubious significance, 
but seems to confirm the observations on the ly NMR spectra 
Of, these compounds. A much lower temperature (ca. 30° 


lower) was required to observe the low temperature limiting 
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Tab Ve. "XiLVi. RatesConstants sfor sthes(p2)kewmigration in 9 
T,K eo (sec7l) 
268.0 3 
2 OO 8 
263.0 a2 
288.0 20 
293.0 35 
29.3,..0 50 
303.0 70 
308.0 120 
eMlsiAl0) 200 





* one-way BAavew cons Galt. 
ly NMR spectrum of the manganese compound. 


In the reported 13c NMR study of (n?-C7H)Mn(CO) 3 no 


carbonyl signals were observed, probably due to a 
combination of long relaxation times and quadrupole coupling 
@epectas-Jeminecontrast to this result LOrg4 jaecne carbonyl 
resonances of 9 were readily observed. At low temperatures 
(193° K), two signals in the ratio 1:2 were observed (22.6 
MHz). As the temperature was raised, the signals broaden 


and coalesce to give a single resonance. Rate constants for 
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this process were measured by comparing the observed spectra 
to simulated spectra (DNMR3). The temperature range 
investigated was 193° K to 283° K. Minimum signal:noise 
ratio was 10:1. Rate constants for the carbonyl scrambling 


process are tabulated in Table XV. 





Table XV. RatesmoreCOsoccramb ling pin 9 
ive ky pay 
193-30 5 
203.0 10 
Pale sh St) 30 
Aish 5 (0 : 60 
22370 100 
253.0 600 
IMS SA) 2000 
283.0 5000 
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Activation parameters for the CO scrambling process 


are au* = Oils Ocak cal moll, AScm= -12.8 + 0.3 eu 
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to AGS = 15.1 + 0.3 kcal mol~! calculated for the (1,2) Re 
migration process shows that carbonyl scrambling occurs much 
more readily than metal migration. This result is a 
reversal of the situation in (n?-C7HZ) Re(CO) 4, where metal 
migration was rapid and carbonyl scrambling was not 
observable on the NMR time scale. 

Site exchange of carbonyl groups in tricarbonyl metal 
compounds has been observed in a wide variety of 
compounds. For example, (n®-C7Hg)M(CO) 3 (MZ=ncrRrMo) 
exhibits CO scrambling with AHF = 11-12 kcal mol7+.186 fhe 
exchange of carbonyl environments in (n4-CeH,) Ru( CO) 3 
has AGt = 11.6 + 0.2 kcal mol7!.187 The carbonyl scrambling 
Daoecess es O0ser Ved Ine Qslaseassimilam activationsenergy. A 
Compounds Veryeci Osely@repated@towy, (n?=C4Hg) Re(CO) 3, has 
been reported, but no 13c NMR data were obtained for this 


compound. 187 
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Section. Experimental 


General 


Compounds were prepared as outlined in Chapters II, III 
and V. Solvents for NMR studies were dried and degassed 
before use. In the 13c¢ study of (n3-C7H7) Re(CO) 4, a serum- 
capped 20 mm NMR tube was employed. The solvent was purged 
with nitrogen for 15 minutes. In all other cases, 5 mm or 
10 mm NMR tubes were used, with vacuum transfer of 
SOLVenUS. saline cmcy.c LeSmOLmebceze-thaw degassing were 


followed by sealing off under vacuum. 
Temperature Calibration 


The temperature calibration of the 5 mm ly probe of the 
WH-400 spectrometer was described in Chapter VI. A similar 
procedure was employed in calibrating the temperature of the 
20 mm t3¢ proble of the WP-200 spectrometer used in the 
Study Of themrluxionaly processmings. | “[hemcali bration swas 
carried out using broad-band proton decoupling conditions 
identical to those employed in recording actual spectra, and 
the same solvent. This calibration is only strictly valid 
for this solvent, since the amount of sample heating caused 
by the proton decoupler is dependent on the solvent 


dielectric. A linear regression analysis of the data allows 
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all temperatures in the range of interest to be 
extrapolated. 


EPOet 0, 5° C. 


Dial 


260.000 
261.000 
262.000 
263.000 
264,000 
265.000 
266-000 
267.000 
268-000 
269.000 
270.000 
271,000 
272,000 
273.900 
274.000 
275.000 
276,000 
277.000 
278,000 
279.900 
280-000 
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282,000 
283.000 
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True 


261,69 
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264-446 
Agere 
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ed aed 
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276.47 
RTA ING) 
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2S0nle 
281.09 
282.01 
282.94 
283.86 
284.79 
DS Seat 
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305,000 
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307.000 
308,000 
309,000 
310.000 
311.000 
312.000 
313.000 
314,000 
315.000 
316.000 
317.000 
318.000 
319.000 
320,000 
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270.233 
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309.73 
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Zhe) sees 
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The measured probe temperatures were constant 
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A similar temperature calibration for the Bruker HFX-90 
spectrometer has been carried out by T. Brisbane (22.6 MHz 


13¢ spectra were recorded on this instrument). The 
temperatures quoted in the tabulations of rate constants are 


the true temperatures, constant to + 0.5°C. 
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Appendixes (Thanks toerR. b. D. McClung) 


In the magnetization transfer experiment, one measures 
the z-component of the magnetization in each site i at 
thermal equilibrium, Mee and under steady state conditions 
With the K-th Sa Pes tt CE M It iS convenient 
to describe the saturation Re eer rad in terms of the 
relative saturation parameters 
a, = Me - He My (1) 
Since these parameters are readily obtained by normalizing 
the integrals in a difference spectrum. It is clear from 
eget l)eathat Sy = 1 for the resonance which is saturated, 


Bhat Ss; = 0 for sites to which no magnetization transfer 


SCecuns andgthet, inggénerals0 ts Si 


as 1. The relationship 


between the relative saturation parameters, Si and the 
rate constants, Jats for chemical exchanges between the 
Sites is derived from the Bloch equations modified for 
chemical exchange.? For all sites i # k, the appropriate 


Bloch equation for M, is 





— a a ) oe y 
a kM, + k.sM, =n) ae (23 
Ee rah nets peg ee Sa 


where ie is the rate of exchange from site i to site j 
and M, is the steady state magnetization at site i when 


My 
resonance k is saturated. At thermal equilibrium, 
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aM oo Bake Moat. (3) 
ij Zz; yal Zi 
Therefore 
ce G seas us } UB ; re 7 Sie . ae ane 
j#i : , 
(4) 


Dividing eq (4) by Me and introducing S; from eq {1), 
at 
we obtain 


) 5 s 
a ee ioee Ss Moyet ee (5) 


which is a set of simultaneous linear equations in the 
rate constants eas For an exchange problem involving 
n sites, there will be n-1l equations which, given measured 


values of the S5 and T can be solved by standard 


Techedss 


ie 


Heal S Sappropurate to ti) lustrate the applicationso& 


134 saturation transfer in the 


eq (5) by considering the 
7-site monohapto-cycloheptatrienyl fragment. To minimize 
confusion, we label the sites a(C, and Ce) b(C, and Co), 
c(C, and C,) and d(C.). If resonance d is saturated, 


the relevant linear equations are 
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If the rates of 1-2, 1-3 and 1-4 shifts are represented 


by the rate constants Kio: ki 3 and Kia respectively, one 
Canesnow, that 
Rage 9 Bey S Seq 8 Sy tee a oe eisripy ue 
Moye “Ba = a te SS |G ete aaah cae et Bek 
k =k =k +k , k = k = k > 


and that eq (6) can be rewritten as 


inp © Sy = PS) @ eG, SE eye og CE ey ae 

lS, 7? Bg Sy) a isyE a Ee Ps SG ee i 

12 Sp S ) + k13(S + S) - 2S_) + ki 4(S, + Sg - 2S.) Zs Sec 
(8) 


In this case the number of relative saturation parameters 
measured (Sa Sy and S.) is equal to the number of rate 
12° Ki3 and Ki 4) so that one can solve for 


tPhemraresconstants inva direct tasniron-. If there are 


constants (k 


fewer rate constants than equations, methods appropriate 


to an overdetermined set of equations” would be applied. 
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